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Preface 

Crude oil is the major source of fuel used in the modern world. It is 
generally in a liquid state and is recovered by drilling and pump-
ing, after which it is transported in tankers and pipelines. 

The crude oil sector is the largest and most dominant economic 
sector of business in the United States. It is increasingly apparent 
that responsibility for the long-term consequences of economic and 
technological development decisions is extremely important and 
the logic of looking after the short term and letting the future take 
care of itself seems harder and harder to justify or sustain. Solving 
the supply problem requires innovative approaches, economic 
attractiveness, environmental appeal, and social responsibility. 
Such a course of action calls for background knowledge of the char-
acter of crude oil and the various factors that contribute to the price. 

In fact, the market price on which contractual arrangements are 
settled is full of unknowns, concealing everything about trends in 
the costs of production. In the surplus, represented by the differ-
ence between the sale price obtained and the costs incurred, there is 
the shareholders' expected return on their investment (ROI), which 
determines whether, when, and on what terms petroleum-pricing 
influences the market. 

The economics of crude oil pricing is one of the most complex 
and variable mechanisms in the commodities market. It is affected 
by a host of different factors, and it can be extremely difficult to 
determine which factors have the greatest impact on the actual 
spot price at any given point in time. In the past year, the crude oil 
markets have been extremely volatile; there have been claims that 
they have been subject to manipulation but the evidence is sorely 
lacking. On the other hand, if manipulation does not drive the oil 
markets, there is no evidence either that it does not take place. 
The whole issue is so debatable that the true drivers of the market 
may never be known with any degree of certainty. 

One way for scientists, engineers, and people of lesser techni-
cal backgrounds to remove themselves from the dark shadow of 
economic guesswork is to understand, to some extent, the techno-
logical and political factors that are involved in crude oil economics. 

IX 
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Crude oil prices behave much as any other commodity, with 
wide price swings in times of shortage or oversupply. The crude oil 
price cycle may extend over several years, responding to changes 
in demand as well as supply. Indeed, the economics of oil must take 
into account that it is a depleting non-renewable resource and the 
cost of extraction of a non-renewable resource depends not only 
on the current rate of production but also the amount of cumula-
tive production. The poignant question that always remains relates 
to the lifetime of current crude oil reserves and whether there are 
years or decades of reserves remaining. 

Many pundits believe that the projections of running out of oil 
are based on geology, not price. Every existing oil reservoir has 
more than half of the original oil in place — many with more. 
These are resources that we know exist; we know where they are 
and what the oil looks like. Much of the crude oil that is left is 
trapped in tiny pores and cannot be recovered by simple pump-
ing, and more advanced, expensive procedures are necessary to 
recover the crude oil. 

Another aspect of crude oil economics is the cost of refining. 
Refining high-sulfur crude oil also requires greater expenditures 
for energy. In fact, energy accounts for approximately half of the 
refinery cost. Refinery location is yet another variable. The closer 
a refinery is to the crude oil source and the demand, the lower the 
transportation costs. Otherwise, the refinery must factor in the 
added cost of getting the products to market. The ultimate vari-
able in crude oil economics is the price of crude oil, along with 
crude oil quality. High viscosity, high-sulfur crude oil can cost up 
to one-third less than low viscosity, low-sulfur crude oil. However, 
because high-sulfur crude oil requires more processing, refineries 
that buy primarily cheap crude oil incur more fixed expenses for 
equipment and labor. 

After decades of stable — even cheap — crude oil during the first 
three-quarters of the 20th century, the geopolitical upsets of the 1970s 
led to rapid surges in crude oil prices. In the past five years, these 
surges have been magnified with crude oil process topping $147 per 
barrel in the summer of 2008, after which prices seemed to stabilize 
at approximately $80 per barrel. However, instability within the oil 
producing nations has, at the time of writing (March 2011), caused a 
surge in crude oil price to a figure in excess of $100 per barrel. There 
are opinions that such prices surges are merely bubbles that will 
burst and oil prices will return to lower levels. 
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However, many economists are unable to explain the economics 
of crude oil pricing without recourse to higher mathematics. The 
result is the development of complex equations that are not only 
difficult to understand but also bear little relationship to reality. In 
fact, when oil prices flip-flop, explanations are invoked and justi-
fied, using the remarkable facet of 20/20 hindsight with very little 
foresight or even knowledge of the workings of the industry. 

This book will introduce the reader to the factors that influence 
the price of crude oil insofar as crude oil economics involves a com-
bination of several factors, not the least of which are: 

1. Crude oil availability from the reservoir 
2. Crude oil quality 
3. Crude oil extraction 
4. Crude oil quality 
5. Geopolitics. 

The book also includes the reader to oil classification, recovery, 
and properties, which are not usually included in works related to 
politics and economics but are an essential part of for understand-
ing oil pricing and politics. 

Dr. James G. Speight 
Laramie, Wyoming 

March 2011 



1 
History and Terminology 
of Crude Oil 

Geology and time have created reservoirs of crude oil (petroleum) in 
various parts of the world. Until the mid-1800s, this vast untapped 
wealth lay mostly hidden below the surface of the earth. Some oil 
naturally seeped to the earth's surface and formed shallow pools 
that were used as a source of medicinal liquids, illuminating oil, 
and, after evaporation of the volatile components, as a caulking for 
boats and a building mastic (Speight, 2007). For centuries, demand 
was limited but better refining techniques and surging demand for 
kerosene and lubricants in the late 19th century changed this. 

Crude oil is the major source of fuel used by people today. Because 
crude oil is liquid, it is easy to recover by drilling and pumping, 
rather than excavation, and it is easy to transport in tankers and 
pipelines. In fact, the rapid rise in crude prices in the past years 
has strengthened calls for renewed initiatives on energy security 
for petroleum importing countries. While there has been a conver-
gence of factors contributing to the current high oil prices, oil sup-
ply and demand fundamentals, the role of speculative forces, and 
structural bottlenecks in the downstream sector have emerged as 
the main areas of concern. 
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2 PETROLEUM TECHNOLOGY, ECONOMICS, AND POLITICS 

The demand for gasoline and middle distillates (including avia-
tion fuels) has risen significantly while refining capacity has only 
shown a modest increase, if any. This growth in demand over and 
above the increase in refining capacity has significantly raised refin-
ery utilization rates and tightened the downstream market, raising 
serious concerns over a potential supply gap in the downstream 
oil market. This issue is particularly prevalent in the United States, 
where low surplus refining capacity and stringent oil product spec-
ifications have resulted in reduced flexibility in the refining sector 
to adjust to changes in seasonal demand patterns. 

The economics of oil must take into account that it is a deplet-
ing non-renewable resource and the cost of extraction of a non-
renewable resource depends not only on the current rate of 
production but also on the amount of cumulative production. 
Crude oil prices behave much as any other commodity with wide 
price swings in times of shortage or oversupply. The crude oil 
price cycle may extend over several years responding to changes 
in demand as well as supply. Many pundits believe that the projec-
tions of running out of oil are based on geology, not price. Every 
existing oil reservoir has more than half of the original oil in place, 
many with more. These are resources that we know exist; we know 
where they are and what the oil looks like. Much of the crude oil 
that is left is trapped in tiny pores and cannot be recovered by 
simple pumping, and more advanced and expensive procedures 
are necessary to recover the crude oil. 

Another aspect of crude oil economics is the cost of refining. 
Refining high-sulfur crude oil also requires greater expenditures for 
energy. In fact, energy accounts for approximately half of the refinery 
cost. Refinery location is yet another variable. The closer a refinery is 
to the crude oil source and the demand, the lower the transportation 
costs. Otherwise, the refinery must factor in the added cost of getting 
the products to market. Obviously, the ultimate variable in crude oil 
economics is the price of crude oil. Crude oil quality is another key 
variable. High viscosity, high-sulfur crude oil can cost up to one-
third less than low viscosity, low-sulfur crude oil. However, because 
high-sulfur crude oil requires more processing, refineries that buy 
primarily cheap crude oil incurs more fixed expenses for equipment 
and labor. 

While there is a growing need to address these issues, there exist 
barriers and constraints to the older oil person and the neophyte 
alike, as well as the economist. Often the terminology employed by 
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the industry is so confusing that the ensuing issues and the issues 
involved in oil pricing and oil product pricing are a mystery. In 
addition, many economists are unable to explain the economics of 
oil and oil product pricing without recourse to higher mathematics. 
The result is the development of complex equations that are often 
difficult to understand, and, for the technical person in industry, 
appear to bear little relationship to what he understands in terms 
of oil properties. 

Thus, it is appropriate to commence this book with a description 
of the historical uses of crude oil and crude oil terminology, leading 
the reader to a better understanding of the terminology of crude oil 
and the means by which it is described. 

1.1 Historical Perspectives 

Petroleum is the most important raw material used in modern soci-
ety insofar as it provides not only raw materials for fuel manufac-
ture and energy, but also starting materials for plastics and other 
products. 

The word petroleum, derived from the Latin petra and oleum, liter-
ally means rock oil and refers to hydrocarbons that occur widely in 
the sedimentary rocks in the form of gases, liquids, semisolids, or sol-
ids. From a chemical standpoint, petroleum is an extremely complex 
mixture of hydrocarbon compounds, usually with minor amounts 
of nitrogen-, oxygen-, and sulfur-containing compounds, as well as 
varying amounts of metal-containing compounds (Speight, 2007). 

The fuels that are derived from petroleum supply more than half 
of the world's total supply of energy. Gasoline, kerosene, and diesel 
oil provide fuel for automobiles, tractors, trucks, aircraft, and ships. 
Fuel oil and natural gas are used to heat homes and commercial 
buildings, as well as to generate electricity. Petroleum products are 
the basic materials used for the manufacture of synthetic fibers for 
clothing and in plastics, paints, fertilizers, insecticides, soaps, and 
synthetic rubber. The uses of petroleum as a source of raw material 
in manufacturing are central to the functioning of modern industry. 

Petroleum is a carbon-based resource, so the geochemical carbon 
cycle is also of interest to fossil fuel usage in terms of petroleum for-
mation, use, and the buildup of atmospheric carbon dioxide. Thus, 
the more efficient use of petroleum is of paramount importance. 
Petroleum technology, in one form or another, will be with us until 
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suitable alternative forms of energy are readily available (Boyle, 1996; 
Ramage, 1997). Therefore, a thorough understanding of the benefits 
and limitations of petroleum recovery and processing is necessary, 
and hopefully can be introduced within the pages of this book. 

The history of any subject is the means by which the subject is 
studied in the hopes that much can be learned from the events of 
the past. In the current context, the occurrence and use of petro-
leum, petroleum derivatives (naphtha), heavy oil, and bitumen 
is not new. The use of petroleum and its derivatives was prac-
ticed in pre-Christian times and is known largely through histori-
cal use in many of the older civilizations (Henry, 1873; Abraham, 
1945; Forbes, 1958a, 1958b; James and Thorpe, 1994; Krishnan 
and Rajagopal, 2003). Thus, the use of petroleum and the devel-
opment of related technology is not such a modern subject as we 
are inclined to believe. However, the petroleum industry is essen-
tially a 20th century industry but to understand the evolution of the 
industry, it is essential to have a brief understanding of the first 
uses of petroleum. 

The Tigris-Euphrates valley, in what is now Iraq, was inhabited 
as early as 4000 BC by the people known as the Sumerians, who 
established one of the first great cultures of the civilized world. The 
Sumerians devised the cuneiform script, built the temple towers 
known as ziggurats, an impressive law, literature, and mythology. 
As the culture developed, bitumen or asphalt was frequently used 
in construction and in ornamental works. 

Although it is possible to differentiate between the words bitu-
men and asphalt in modern use, the occurrence of these words in 
older texts offers no such possibility. It is significant that the early 
use of bitumen was in the nature of cement for securing or joining 
together various objects, and it therefore seems likely that the name 
itself was expressive of this application. 

The word asphalt is derived from the Akkadian term asphaltu 
or sphallo, meaning to split. It was later adopted by the Homeric 
Greeks in the form of the adjective ασφαλτ(ς ες signifying firm, sta-
ble, secure, and the corresponding verb ασφαλίζω ίσω meaning to 
make firm or stable, to secure. Just like bitumen, the first use of asphalt 
by the ancients was in the nature of cement for securing or join-
ing together various objects, such as the bricks used for building, 
so it seems likely that the name itself was also expressive of this 
application. From the Greek, the word passed into Latin (asphaltum, 
aspaltum), and thence into French (asphalte) and English (aspaltoun). 
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The origin of the word bitumen is more difficult to trace and sub-
ject to considerable speculation. The word was proposed to have 
originated in the Sanskrit, where we find the words jatu, mean-
ing pitch, and jatukrit, meaning pitch creating. From the Sanskrit, 
the word jatu was incorporated into the Latin language as gwitu 
and is believed to have eventually become gwitumen (pertaining 
to pitch). Another word, pixturnen (exuding or bubbling pitch) 
is also reputed to have been in the Latin language, although the 
construction of this Latin word form from which the word bitu-
men was reputedly derived, is certainly suspect. There is the sug-
gestion that subsequent derivation of the word led to a shortened 
version, which eventually became the modern version, called 
bitumen, thence passing via French into English. From the same 
root is derived the Anglo Saxon word cwidu (mastic, adhesive), 
the German work kitt (cement or mastic) and the equivalent word 
kvada, which is found in the old Norse language as being descrip-
tive of the material used to waterproof the long ships and other 
sea-going vessels. It is just as likely that the word is derived from 
the Celtic bethe or beithe or bedw that was the birch tree that was 
used as a source of resin. The word appears in Middle English as 
bithumen. In summary, a variety of terms exist in ancient language 
that from their described use in texts can be proposed as meaning 
bitumen or asphalt (Abraham, 1945). 

Using these ancient words as a guide, it is possible to trace the 
use of petroleum and its derivatives as described in ancient texts. 
And, preparing derivatives of petroleum was well within the area 
of expertise of the early scientists since alchemy (early chemistry) 
was known to consist of four sub-routines: dissolving, melting, 
combining, and distilling (Cobb and Gold white, 1995). 

Early references to petroleum and its derivatives occur in the 
Bible, although by the time the various books of the Bible were 
written, the use of petroleum and bitumen was established and it 
is apparent that bitumen and petroleum derivatives were items of 
commerce. The exact prices paid are unknown and may even have 
been given as a tribute to the local king. Nevertheless, in spite of 
the missing monetary values, these writings do offer documented 
examples of the use and trade of petroleum and related materials. 

For example, in the Epic of Gilgamesh written more than 2,500 
years ago, a great Flood causes the hero to build a boat that is 
caulked with bitumen and pitch (see for example, Kovacs, 1990). 
And, in a related story of Mesopotamia, just prior to the flood, 
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Noah is commanded to build an ark that also includes instructions 
for caulking the vessel with pitch (Genesis 6:14): 

Make thee an ark of gopher wood; rooms shalt thou make in 
the ark, and shalt pitch it within and without with pitch. 

The occurrence of slime (bitumen) pits in the Valley of Siddim 
(Genesis, 14:10), a valley at the southern end of the Dead Sea, is 
reported. There is also reference to the use of tar as a mortar when 
the Tower of Babel was under construction (Genesis 11:3): 

And they said one to another, Go to, let us make brick, and 
burn them thoroughly. And they had brick for stone, and slime 
had they for mortar. 

In the Septuagint, or Greek version of the Bible, this work is 
translated as asphaltes, and in the Vulgate or Latin version, as bitu-
men. In the Bishop's Bible of 1568 and in subsequent translations 
into English, the word is given as slime. In the Douay translation of 
1600, it is bitume, while in Luther's German version, it appears as 
thon, the German word for clay. 

Another example of the use of pitch (and slime) is given in the 
story of Moses (Exodus 2:3): 

And when she could no longer hide him, she took for him an 
ark of bulrushes, and daubed it with slime and with pitch, and 
put the child therein; and she laid it in the flags by the river's 
brink. 

Perhaps the slime was a lower melting bitumen (bitumen mixed 
with solvent) whereas the pitch was a higher melting material; the 
one (slime) acting as a flux for the other. The lack of precise use of 
the words for bitumen and asphalt as well as for tar and pitch even 
now makes it unlikely that the true nature of the biblical tar, pitch, 
and slime will ever be known, but one can imagine their nature. In 
fact, even modern Latin dictionaries give the word bitumen as the 
Latin word for asphalt. 

It is most probable that, in both these cases, the pitch and the 
slime were obtained from the seepage of oil to the surface, which 
was a fairly common occurrence in the area. And during biblical 
times, bitumen was exported from Canaan to various parts of the 
countries that surround the Mediterranean (Armstrong et al., 1997). 
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In terms of liquid products, there is an interesting reference 
(Deuteronomy, 32:13) to bringing oil out of flinty rock. The exact 
nature of the oil is not described nor is the nature of the rock. The 
use of oil for lamps is also referenced (Matthew, 23:3), but whether 
it was mineral oil (a petroleum derivative such as naphtha) or 
whether it was vegetable oil is not known. 

Excavations conducted at Mohenjo-Daro, Harappa, and Nal 
in the Indus Valley indicated that an advanced form of civiliza-
tion existed there. An asphalt mastic composed of a mixture of 
asphalt, clay, gypsum, and organic matter was found between 
two brick walls in a layer about 25 mm thick — probably a water-
proofing material. Also unearthed was a bathing pool that con-
tained a layer of mastic on the outside of its walls and beneath 
its floor. 

In the Bronze Age, dwellings were constructed on piles in lakes 
close to the shore to better protect the inhabitants from the ravages of 
wild animals and attacks from marauders. Excavations have shown 
that the wooden piles were preserved from decay by a coating of 
asphalt, and posts preserved in this manner have been found in 
Switzerland. There are also references to deposits of bitumen at Hit 
(the ancient town of Tuttul on the Euphrates River in Mesopotamia) 
and the bitumen from these deposits was transported to Babylon 
for use in construction (Herodotus, The Histories, Book I). There 
is also reference to a Carthaginian story in which birds' feathers 
smeared with pitch are used to recover gold dust from the waters 
of a lake (Herodotus, The Histories, Book IV). 

One of the earliest recorded uses of asphalt was by the pre-
Babylonian inhabitants of the Euphrates Valley in southeast-
ern Mesopotamia, present-day Iraq, formerly called Sumer and 
Akkad and, later, Babylonia (Thompson, 1936; Moorey, 1994). In 
this region there are various asphalt deposits and the uses of the 
material have become evident. For example, King Sargon of Akkad 
(Agade c. 2550 BC) was set adrift by his mother in a basket of 
bulrushes on the waters of the Euphrates, where he was discovered 
by Akki the husbandman (irrigator), who brought him up to serve 
as gardener in the palace of Kish. Sargon eventually ascended to 
the throne. 

On the other hand, the bust of Manishtusu, King of Kish, an 
early Sumerian ruler (about 2270 BC), was found in the course of 
excavations at Susa in Persia, and the eyes, composed of white 
limestone, are held in their sockets with the aid of bitumen. 
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Fragments of a ring composed of asphalt have been unearthed 
above the flood layer of the Euphrates at the site of the prehis-
toric city of Ur in southern Babylonia, ascribed to the Sumerians 
of about 3500 BC. 

An ornament excavated from the grave of a Sumerian king at 
Ur consists of a statue of a ram with the head and legs carved out 
of wood over which gold foil was cemented by means of asphalt. 
The back and flanks of the ram are coated with asphalt in which 
hair was embedded. Another art of decoration consisted of beating 
thin strips of gold or copper, which were then fastened to a core 
of asphalt mastic. An alternative method was to fill a cast metal 
object with a core of asphalt mastic, and such specimens have been 
unearthed at Lagash and Nineveh. Excavations at Tell-Asmar, 
50 miles northeast of Baghdad, revealed the use of asphalt by the 
Sumerians for building purposes. 

Mortar composed of asphalt has also been found in excava-
tions at Ur, Uruk, and Lagash, and excavations at Khafaje have 
uncovered floors composed of a layer of asphalt that has been 
identified as asphalt, mineral filler (loam, limestone, and marl), 
and vegetable fibers (straw). Excavations at the city of Kish 
(Persia) in the palace of King Ur-Nina showed that the founda-
tions consist of bricks cemented together with an asphalt mortar. 
Similarly, in the ancient city of Nippur (about 60 miles south of 
Baghdad), excavations show Sumerian structures composed of 
natural stones joined together with asphalt mortar. Excavation 
has uncovered an ancient Sumerian temple in which the floors 
are composed of burnt bricks embedded in asphalt mastic that 
still shows impressions of reeds with which it must have been 
originally mixed. 

The Epic of Gilgamesh, written before 2500 BC and transcribed 
on to clay tablets during the time of Ashurbanipal, king of Assyria 
(668 to 626 BC), make reference to the use of asphalt for building 
purposes. In the eleventh tablet, Ut-Napishtim relates the well-
known story of the Babylonian flood, stating that "he "smeared the" 
inside of a boat with six sar of kupru and the outside with three 
sar..." 

Kupru may have meant that the pitch or bitumen was mixed with 
other materials (perhaps even a solvent such as distillate from petro-
leum) to give it the appearance of slime as mentioned in the Bible. 
In terms of measurement, sar is a word of mixed origin and appears 
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to mean an interwoven or wickerwork basket. An approximate 
translation is: 

The inside of the boat was smeared (coated, caulked) with six 
baskets full of pitch and the outside of the boat was smeared 
(coated, caulked) with three baskets full of pitch. 

There are also indications from these texts that that asphalt mas-
tic was sold by volume, or by the gur. On the other hand, bitumen 
was sold by weight — by the mina or shekel — for which there is 
no recorded price, although the word shekel is often used to mean 
a particular type of coinage as well as the weight of a commodity. 
In fact, the use of petroleum in seepages and bitumen from surface 
tar sand deposits seems to have been widely used and it is very 
likely that there was a ready trade for the raw material and the 
products made from petroleum and bitumen were actually looked 
upon as commodities (Barton, 1926; Sperber, 1976; Steinsaltz, 1977; 
Stern et al, 2007). This is a situation that did not occur again until 
the 1980s (Chapter 5). 

For example, use of asphalt by the Babylonians (1500 to 538 BC) 
is also documented. In fact, the Babylonians were well versed in 
the art of building, and each monarch commemorated his reign and 
perpetuated his name by the construction of a building or other 
monuments. The use of bitumen mastic as a sealant for water pipes, 
water cisterns, and in outflow pipes leading from flush toilets cities 
such as Babylon, Nineveh, Calah, and Ur has been observed and 
the bitumen lines are still evident (Speight, 1978). 

Bitumen was used as mortar from very early times, and sand, 
gravel, or clay was employed in preparing these mastics. Asphalt-
coated tree trunks were often used to reinforce wall corners and 
joints, for instance, in the temple tower of Ninmach in Babylon. In 
vaults or arches, a mastic-loam composite was used as mortar for 
the bricks, and the keystone was usually dipped in asphalt before 
being set in place. The use of bituminous mortar was introduced 
into the city of Babylon by King Hammurabi, but the use of bitumi-
nous mortar was abandoned toward the end of Nebuchadnezzar's 
reign in favor of lime mortar to which varying amounts of asphalt 
were added. The Assyrians recommended the use of asphalt for 
medicinal purposes, as well as for building purposes, and there is 
some merit in the fact that the Assyrian moral code recommended 
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that asphalt, in the molten state, be poured onto the heads of delin-
quents. Pliny, the Roman author, also notes that bitumen could be 
used to stop bleeding, heal wounds, drive away snakes, treat cata-
racts as well as a wide variety of other diseases, and straighten out 
eyelashes that inconvenience the eyes. One can appreciate the use 
of bitumen to stop bleeding, but its use to cure other ailments is 
questionable and one has to consider what other agents were being 
used concurrently with bitumen. 

The Egyptians were the first to adopt the practice of embalming 
their dead rulers and wrapping the bodies in cloth. 

Before 1000 BC, asphalt was rarely used in mummification, except 
to coat the cloth wrappings and thereby protect the body from the 
elements. After the viscera had been removed, the cavities were filled 
with a mixture of resins and spices, the corpse immersed in a bath of 
potash or soda, dried, and finally wrapped. From 500 to about 40 BC, 
asphalt was generally used both to fill the corpse cavities and to coat 
the cloth wrappings. The word mûtnûia first made its appearance in 
Arabian and Byzantine literature about 1000 AD, signifying bitu-
men. It is believed that it was the spread of the Islamic Empire that 
brought Arabic science and the use of bitumen to Western Europe. 

In Persian, the term bitumen is believed to have acquired the 
meaning equivalent to paraffin wax that may be symptomatic of the 
nature of some of the crude oils in the area. Alternatively, it is also 
possible that the destructive distillation of bitumen to produce pitch 
produced paraffins that crystallized from the mixture over time. In 
Syriac, the term alluded to substances used for mummification. In 
Egypt, resins were used extensively for purposes of embalming up 
to the Ptolemaic period, when asphalts gradually came into use. 

Arabian physician Al Magor used Mûmûia in prescriptions for the 
treatment of contusions and wounds as early as the 12th century. Its 
production soon became a special industry in the Alexandria. The 
scientist Al-Kazwînî alluded to the healing properties of mûmûia, 
and Ibn Al-Baitâr gives an account of its source and composition. 
In his treatise Amoenitates Exoticae, Engelbert Kämpfer (1651-1716) 
gives a detailed account of the gathering of mûmûia, the different 
grades and types, and its curative properties in medicine. As the sup-
ply of mummies was limited, other expedients came into vogue. The 
corpses of slaves or criminals were filled with asphalt, swathed, and 
artificially aged in the sun. This practice continued until the French 
physician, Guy de la Fontaine, exposed the deception in 1564 AD. 

Many other references to bitumen occur throughout the Greek 
Empire and the Roman Empire, and from then to the Middle Ages, 
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early scientists frequently alluded to the use of bitumen. In later 
times, both Christopher Columbus and Sir Walter Raleigh (depend-
ing upon the country of origin of the biographer) have been credited 
with the discovery of the asphalt deposit on the island of Trinidad 
and apparently used the material to caulk their ships. 

The use of petroleum has also been documented in China; as 
early as 600 BC, petroleum was encountered when drilling for salt 
and mention of petroleum as an impurity in the salt is also noted 
in documents of the third century AD (Owen, 1975). It is presumed 
that the petroleum that contaminated the salt may be similar to that 
found in Pennsylvania and was, therefore, a more conventional 
type rather than the heavier type. 

There was also an interest in the thermal product of petroleum 
(nafta; naphtha) when it was discovered that this material could be 
used as an illuminant and as a supplement to asphalt incendiaries 
in warfare. For example, there are records of the use of mixtures of 
pitch and/or naphtha with sulfur as a weapon of war during the 
Battle of Palatea, Greece, in the year 429 BC (Forbes, 1959). There are 
references to the use of a liquid material, naft (presumably the vola-
tile fraction of petroleum, which we now call naphtha and is used as 
a solvent or as a precursor to gasoline as an incendiary material dur-
ing various battles of the pre-Christian era (James and Thorpe, 1994). 
This is the so-called Greek fire, a precursor and chemical cousin to 
napalm. Greek fire is also recorded as being used in the period 674 
to 678 when the city of Constantinople was saved by the use of the 
fire against an Arab fleet (Davies, 1996). In 717 to 718 AD, Greek fire 
was again used to save the city of Constantinople from attack by 
another Arab fleet, again with deadly effect (Dahmus, 1995). After 
this time, the Byzantine navy of three hundred triremes frequently 
used Greek fire against all comers (Davies, 1996). This probably rep-
resents the first documented use of the volatile derivatives of petro-
leum that led to a continued interest in petroleum. 

Greek fire was a viscous liquid that ignited on contact with water 
and was sprayed from a pump-like device on to the enemy. One can 
imagine the early users of the fire attempting to ignite the liquid 
before hurling it towards the enemy. 

However, the hazards that can be imagined from such tactics 
could become very real, and perhaps often fatal, to the users of the 
Greek fire if any spillage occurred before ejecting the fire towards 
the enemy. The later technology for the use of Greek fire most likely 
incorporated a heat-generating chemical such as quicklime (CaO) 
(Cobb and Gold white, 1995) that was suspended in the liquid and 
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which, when coming into contact with water to produce Ca(OH)2, 
released heat that was sufficient to cause the liquid to ignite. One 
can assume that the users of the fire were extremely cautious dur-
ing periods of rain, or, if at sea, during periods of turbulent weather. 

As an aside, the use of powdered lime in warfare is also docu-
mented. The English used it against the French on August 24,1217 
with disastrous effects for the French. As was usual for that time, 
there was a difference of opinion between the English and the 
French that resulted in their respective ships meeting at the east 
end of the English Channel. Before any other form of engagement 
could occur, the lime was thrown from the English ships and car-
ried by the wind to the French ships, where it made contact with 
the eyes of the French sailors. The burning sensation in the eyes 
was too much for the French sailors and the English prevailed with 
the capture of much booty (Powicke, 1962). 

The combustion properties of bitumen (and its fractions) were 
known in Biblical times. There is the reference to these properties 
(Isaiah, 34:9) when it is stated: 

And the stream thereof shall be turned into pitch, and the dust thereof 
into brimstone, and the land thereof shall become burning pitch. It 
shall not be quenched night nor day; the smoke thereof shall 
go up forever: from generation to generation it shall lie waste; 
none shall pass through it forever and forever. 

One might surmise that the effects of the burning bitumen and 
sulfur (brimstone) were long-lasting and quite devastating. 

Approximately 2,000 years ago, Arabian scientists developed 
methods for the distillation of petroleum, which were introduced 
into Europe by way of Spain. This represents another docu-
mented use of the volatile derivatives of petroleum that led to 
a continued interest in petroleum and its derivatives as medici-
nal and warfare materials, in addition to the usual construction 
materials. 

From 1271 to 1273, Marco Polo also reported the Baku region of 
northern Persia as having an established commercial petroleum 
industry. It is believed that the prime interest was in the kerosene 
fraction that was then known for its use as an illuminant. By infer-
ence, it can be concluded that the distillation, and perhaps the ther-
mal decomposition, of petroleum were established technologies. If 
not, Polo's diaries may well have contained a description of the 
stills or the reactors. 
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In addition, bitumen was investigated in Europe during the 
Middle Ages (Bauer, 1546,1556), and the separation and properties 
of bituminous products were thoroughly described. Other investi-
gations continued, leading to a good understanding of the sources 
and use of this material even before the birth of the modern petro-
leum industry (Forbes, 1958a, 1958b). 

There are also records of the use of petroleum spirit, probably a 
higher boiling fraction of or than naphtha that closely resembled 
the modern-day liquid paraffin, for medicinal purposes. In fact, liq-
uid paraffin has continued to be prescribed up to modern times. 
The naphtha of that time was obtained from shallow wells or by the 
destructive distillation of asphalt. 

Parenthetically, the destructive distillation operation may be lik-
ened to modern coking operations in which the overall objective is 
to convert the feedstock into distillates for use as fuels. This par-
ticular interest in petroleum and its derivatives continued with an 
increasing interest in nafta (naphtha) because of its aforementioned 
used as an illuminant and as a supplement to asphaltic incendiaries 
for use in warfare. 

Finally, not wishing to omit the use of bitumen (and, perhaps, 
its recognition as a tradable commodity), in the Americas, Pre-
Hispanic Mesoamerican peoples collected, processed, and used 
bitumen as a decoration, a sealant and an adhesive (Wendt and Lu, 
2006). Among the earliest to do so were the Olmec people (flour-
ished ca. 1200 to 500 BC) of the Southern Coastal Lowlands of 
Mexico. Furthermore, geochemical analyses of bitumen from the 
Olmec archeological sites indicate a multiple procurement network 
that reflected wide trade and interactions between the various 
groups. It is also believed that bitumen processing was an orga-
nized and specialized activity involving multiple production stages 
(Wendt and Cyphers, 2008). 

To continue such references is beyond the scope of this book, 
although they do give a flavor of the developing interest in petro-
leum. However, it is sufficient to note that there are many other 
references to the occurrence and use of bitumen or petroleum 
derivatives up to the beginning of the modern petroleum industry 
(Cook and Despard, 1927; Mallo wan and Rose, 1935; Nellensteyn 
and Brand, 1936; Mallowan, 1954; Forbes, 1958a, 1958b, 1959,1964; 
Marschner et al, 1978). 

In summary, the use of petroleum and related materials has been 
observed for almost 6,000 years. During this time, the use of petro-
leum has progressed from the relatively simple use of asphalt from 
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Mesopotamian seepage sites to the present-day refining operations 
that yield a wide variety of products and petrochemicals (Speight, 
2007). 

1.2 Modern Perspectives 

The modern petroleum industry began in the later years of the 1850s 
with its discovery in 1857 and its subsequent commercialization in 
Pennsylvania in 1859 (Bell, 1945). The modern refining era can be said 
to have commenced in 1862 with the first appearance of a commercial 
unit for the distillation of petroleum (Speight, 2007) (Chapter 5). 

Benjamin Silliman Sr. had a degree in law but he was also as 
qualified for geology as he was to be Yale professor of chemistry. 
The geology venture prospered, and by 1820, Silliman was in great 
demand for field trips on which he took his son, Benjamin Silliman 
Jr. When Silliman Sr. retired in 1853, Silliman Jr. took up where 
father had left off, as professor of general and applied chemistry 
at Yale (this time, with a degree in the subject). After writing a 
number of chemistry books and being elected to the National 
Academy of Sciences, Silliman Jr. took up lucrative consulting 
posts with the Boston City Water Company and various mining 
enterprises. 

In 1855, one of his clients asked him to research and report 
on some mineral samples from the new Pennsylvania Rock Oil 
Company. After several months of work, Silliman Jr. announced 
that about 50% of the black tar-like substance could be distilled into 
first-rate burning oils (which would eventually be called kerosene 
and paraffin) and that an additional 40% of what was left could be 
distilled for other purposes, such as lubrication and gaslight. 

With the acquisition of the original lighting oil (whale oil) see-
ing an increased demand and becoming more dangerous to acquire 
and on the basis of this report, a company was launched to finance 
the drilling of the Drake Well at Oil Creek, Pennsylvania. In 1857, 
it became the first well to produce petroleum. It would be another 
fifty years before Silliman Jr.'s reference to the other fractions avail-
able from the oil through extra distillation would provide gasoline 
for the combustion engine of the first automobile. Silliman Jr.'s 
report changed the world because it made possible an entirely new 
form of transportation and helped turn the United States into an 
industrial superpower. But, back to the future. 
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After completion of the first well by Edwin Drake, the surroun-
ding areas were immediately leased and extensive drilling took 
place. Crude oil output in the United States increased from approx-
imately 2000 barrels (1 barrel, bbl = 42 US gallons = 35 Imperial 
gallons = 5.61 foot3 = 158.8 liters) in 1859 to nearly 3,000,000 bar-
rels in 1863 and approximately 10,000,000 barrels in 1874. In 1861 
the first cargo of oil, contained in wooden barrels, was sent across 
the Atlantic to London, and by the 1870s, refineries, tank cars, and 
pipelines had become characteristic features of the industry, mostly 
through the leadership of Standard Oil that was founded by John 
D. Rockefeller (Johnson, 1997). Throughout the remainder of the 
19th century, the United States and Russia were the two areas in 
which the most striking developments took place. 

At the outbreak of World War I in 1914, the two major producers 
of petroleum were the United States and Russia, but supplies of oil 
were also being obtained from Indonesia, Rumania, and Mexico. 
During the 1920s and 1930s, attention was also focused on other 
areas for oil production, such as the United States, the Middle East, 
and Indonesia. At this time, European and African countries were 
not considered major oil-producing areas. In the post-1945 era, 
Middle Eastern countries continued to rise in importance because 
of new discoveries of vast reserves. The United States, although 
continuing to be the biggest producer, was also the major consumer 
and not a key exporter of oil. 

In the United States, approximately 20% of domestic production 
currently comes from marginal wells, which are the most vulner-
able to low prices. Since 1998, domestic production has dropped to 
approximately 5.5 million barrels/day, with approximately twice 
that amount being imported. 

At this time, oil companies are beginning to roam much farther 
afield in the search for oil, and, as a result, there have been signifi-
cant discoveries in several countries. 

1.3 Oil Companies 

The term oil company is taken to mean a company that deals with 
the exploration, recovery, and refining of oil. Furthermore, in the 
United States, the term "big oil company" is taken to mean the 
major private international oil companies, largely based in Europe 
or North America (Pirog, 2007). 
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However, while some of those companies are indeed among the 
largest in the world, by many important measures, a majority of the 
largest oil companies are state-owned, national oil companies. By 
conventional definitions, national oil companies hold the majority of 
petroleum reserves and produce the majority of the world's supply 
of crude oil. Because national oil companies generally hold exclusive 
rights to the exploration and development of petroleum resources 
within the home country, they also can decide on the degree to which 
they require participation by private companies in those activities. 

Rankings of oil companies can be based on current production 
(Table 1.1) to generate current earnings, and several standards need 
to be applied to assess the evolving nature of the companies in the 
industry to ensure the future viability of the enterprise on reserve 
positions (Table 1.2). Investment, in the form of exploration and 
development expenditures, serves as an indicator of the potential 
reserve and production positions of an oil company. 

Privately held companies have the goal of maximizing share-
holder value. The management of the company may accomplish 

Table 1.1 Comparative ranking of the top ten oil companies based on 
current liquids production. 

Rank 
2006 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Company 

Saudi 
Aramco 

NIOC 

Pemex 

PDV 

KPC 

BP 

ExxonMobil 

PetroChina 

Shell 

Sonotrach 

Production 

11,035 

4,049 

3,710 

2,650 

2,643 

2,562 

2,523 

2,270 

2,093 

1,934 

Rank 
2000 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Company 

Saudi 
Aramco 

NIOC 

Pemex 

PDV 

INOC 

ExxonMobil 

Shell 

PetroChina 

BP 

KPC 

Production 

8,044 

3,620 

3,343 

2,950 

2,528 

2,444 

2,268 

2,124 

2,061 

2,025 
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Table 1.2 Comparative ranking of the top ten oil companies based on 
current reserve holdings. 

Rank 
2006 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Company 

Saudi 
Aramco 

NIOC 

NIOC 

KPC 

PDV 

Adnoc 

Libya NOC 

NNPC 

Lukoil 

QP 

Reserves 

264,200 

137,500 

115,000 

101,500 

79,700 

56,920 

33,235 

21,540 

16,114 

15,200 

Rank 
2000 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Company 

Saudi 
Aramco 

INOC 

KPC 

NIOC 

PDV 

Adnoc 

Pemex 

Libya NOC 

NNPC 

Lukoil 

Reserves 

259,200 

112,500 

96,500 

87,993 

76,852 

50,710 

28,400 

23,600 

13,500 

11,432 

that goal through organizing production so that a profit is made 
in the current timeframe as well as in the future. The management 
may also make investment decisions to take advantage of oppor-
tunities to raise the company's rate of return. They also have the 
motivation to achieve productive efficiency to hold down costs and 
enhance the profitability of any given revenue level. This activity is 
thought to benefit consumers by assuring that physical shortages 
are avoided and that the good is available at the lowest price con-
sistent with demand and supply factors. 

1.4 Definitions and Terminology 

Throughout the previous sections, definitions and terminology 
have been represented that give some insight into the terminology 
of the industry. However, there are many aspects of petroleum defi-
nitions and terminology that have not been covered and require 
further mention here because of the direct relationship to the pric-
ing of petroleum and petroleum products. 
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Terminology is the means by which various subjects are named 
so that reference can be made in conversations and in writings and 
so that the meaning is passed on. Definitions are the means by 
which scientists and engineers communicate the nature of a mate-
rial to each other and to the world, through either the spoken or the 
written word. Thus, the definition of a material can be extremely 
important and have a profound influence on how the technical 
community and the public perceive that material. In fact the defini-
tion of petroleum has been varied, unsystematic, diverse, and often 
archaic. Furthermore, the terminology of petroleum is a product of 
many years of growth. The long established use of an expression, 
however inadequate it may be, is altered with difficulty, and a new 
term is at best adopted slowly. 

In general, the large reservoirs of light oil resources have been 
exploited first because larger reservoirs are easier to find and 
exploit and lighter oils are more valuable and require less energy 
to extract and refine to desirable products. Therefore, over time in 
mature regions, lower quality crude oil (often called heavy crude 
oil) has often required the exploitation of increasingly small, deep, 
and heavy offshore resources. Progressive depletion also means 
that oil in older fields that once came to the surface through natural 
drive mechanisms, such as gas pressure, must now be extracted 
using energy-intensive secondary and enhanced technologies. 
Another aspect of the quality of an oil resource is that oil reserves 
are normally defined by their degree of certainty and their ease of 
extraction, classed as proven, probable, possible or speculative. 
In addition, there are unconventional resources such as heavy oil, 
deep-water oil, tar sand bitumen (oil sand bitumen in Canada) and 
shale oil that are very energy intensive and costly to exploit. 

However, the true reserves of a field will be known absolutely 
only on the day when it is finally abandoned — when cumulative 
production is know with the highest degree of certainty and sub-
ject only to counting errors. Prior to that, reserves are known only 
within a spectrum of uncertainty that should be expressed in terms 
of a probability range. The traditional method, which classifies 
reserves as proven, probable, or possible, tends to ignore the range 
of uncertainty, giving a single number for each class of reserves. 
The Securities and Exchange Commission only accepts the proven 
class for financial reporting purposes. 

Petroleum is found in various countries (Table 1.3) and is scat-
tered throughout the earth's crust, which is divided into natural 
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Table 1.3 Oil reserves by country (Billions of barrels, 
one billion = 1 x 109). 

Country 

Canada 

Iran 

Iraq 

Kuwait 

Russia 

Saudi Arabia 

United Arab Emirates 

United States 

Venezuela 

Other 

Reserves* Barrels x 10' 

179 

126 

115 

102 

60 

262 

98 

21 

79 

238 

* Source: U.S. Energy information administration, 2006. 

groups or strata, categorized in order of their antiquity (Speight, 
2007). These divisions are recognized by the distinctive systems of 
organic debris (as well as fossils, minerals, and other characteris-
tics), which form a chronological time chart that indicates the rel-
ative ages of the earth's strata. It is generally acknowledged that 
carbonaceous materials such as petroleum occur in all these geo-
logical strata from the Precambrian to the recent, and the origin of 
petroleum within these formations is a question that remains open 
to conjecture and the basis for much research. 

Petroleum is by far the most commonly used source of energy, 
especially as the source of liquid fuels (Table 1.4). Indeed, because 
of the wide use of petroleum, the past 150 years could very easily 
be dubbed the Oil Century-and-a-Half, the Petroleum Era (cf. the 
Pleistocene Era), or the New Rock Oil Age (cf. the New Stone Age) 
(Ryan, 1998). For example, the United States imported approxi-
mately 6,000,000 barrels per day of petroleum and petroleum prod-
ucts in 1975 and now imports approximately double this amount. 
The majority of the products of a refinery are fuels (Pellegrino, 
1998) and it is evident that this reliance on petroleum-based fuels 
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Table 1.4 Current and projected energy consumption scenarios 
(GRI, 1998). 

Energy Consumption (quads) 

Petroleum 

Gas 

Coal 

Nuclear 

Hydro 

Other 

1995 1996 

Actual 

34.7 

22.3 

19.7 

7.2 

3.4 

3.2 

36.0 

22.6 

20.8 

7.2 

4.0 

3.3 

2000 2005 2010 2015 

Projected 

37.7 

23.9 

22.3 

7.6 

3.1 

3.7 

40.4 

26.3 

24.1 

7.4 

3.2 

4.0 

42.6 

28.8 

26.2 

6.9 

3.2 

4.8 

44.1 

31.9 

29.0 

4.7 

3.2 

5.2 

and products will continue for several decades. As a result, fossil 
fuels are projected to be the major sources of energy for the next 
fifty years. In this respect, petroleum and its associates (heavy oil 
and residua) are extremely important in any energy scenario, espe-
cially those scenarios that relate to the production of liquid fuels. 

Indeed, over the past two decades the quality of crude oil has dete-
riorated (Swain, 1991,1993,1998,2000), which has caused the nature 
of refining to change considerably. This, of course, has led to the 
need to manage crude quality more effectively through evaluation 
and product slates (Waguespack and Healey, 1998; Speight, 2007). 
Indeed, the declining reserves of lighter crude oil have resulted in 
an increasing need to develop options to desulfurize and upgrade 
the heavy feedstocks, specifically heavy oil and bitumen (Speight, 
2008). This has resulted in a variety of process options that specialise 
in sulfur removal during refining. Though it will not be covered in 
this text, it is worthy of note that microbial desulfurization is being 
assiduously investigated as a recognised commercial technology for 
desulfurization (Monticello, 1995; Armstrong et ai, 1997). 

With the necessity of processing heavy oil, bitumen, and residua 
to obtain more gasoline and other liquid fuels, there has been the 
recognition that knowledge of the constituents of these higher boil-
ing feedstocks is also of some importance. Indeed, the problems 
encountered in processing the heavier feedstocks can be equated to 
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the chemical character and the amount of complex, higher-boiling 
constituents in the feedstock. Refining these materials is not just a 
matter of applying know-how derived from refining conventional 
crude oils, but also requires knowledge of the chemical behavior of 
these more complex constituents. Furthermore, although the ele-
mental analysis of tar sand bitumen has also been widely reported 
(Wallace et al, 1988; Speight, 1990), the data often suffers from the 
disadvantage that identification of the source is too general and not 
always site specific. 

With all of the scenarios in place, there is no doubt that petro-
leum and its relatives: residua, and heavy oil, as well as tar sand 
bitumen will be required to produce a considerable proportion of 
liquid fuels into the foreseeable future. Desulfurization processes 
will be necessary to remove sulfur in an environmentally acceptable 
manner to produce environmentally acceptable products. Refining 
strategies will focus on upgrading the heavy oils and residua and 
will emphasize the differences between the properties of the feed-
stocks. This will dictate the choice of methods or combinations 
thereof for the conversion of these materials to products (Schuetze 
and Hofmann, 1984). 

Because of the need for a thorough understanding of petroleum 
and the associated technologies, it is essential that the definitions 
and terminology of petroleum science and technology be given 
prime consideration. This will aid in a better understanding of 
petroleum, its constituents, and its various fractions. Of the many 
forms of terminology that have been used, not all have survived, 
but the more commonly used are illustrated here. Particularly trou-
blesome and more confusing are those terms that are applied to the 
more viscous materials, including the use of the terms bitumen and 
asphalt. This part of the text attempts to alleviate much of the confu-
sion that exists, but it must be remembered that the terminology of 
petroleum is still open to personal choice and historical usage. 

1.4.1 Petroleum 

When petroleum occurs in a reservoir that allows the crude mate-
rial to be recovered by pumping operations as a free-flowing 
dark to light colored liquid, it is often referred to as conventional 
petroleum. 

Petroleum is a naturally occurring mixture of diverse hydrocar-
bons whose physical and chemical qualities reflect the different 
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origins and, especially, different degrees of natural processing of 
these hydrocarbons (Speight, 2007, 2008). In fact, the term petro-
leum covers a wide assortment of materials consisting of mix-
tures of hydrocarbons and other compounds containing variable 
amounts of sulfur, nitrogen, and oxygen, which may vary widely 
in volatility, specific gravity, and viscosity. Metal-containing con-
stituents, notably those compounds that contain vanadium and 
nickel, usually occur in the more viscous crude oils in amounts up 
to several thousand parts per million, and can have serious con-
sequences during processing of these feedstocks (Speight, 2007). 
Because petroleum is a mixture of widely varying constituents and 
proportions, its physical properties also vary widely and the color 
from colorless to black. 

There is also another type of petroleum that is different from the 
conventional petroleum insofar as they are much more difficult to 
recover from the subsurface reservoir. This material, or heavy oil, 
has a much higher viscosity and lower API gravity than conven-
tional petroleum and recovery of heavy oil usually requires ther-
mal stimulation of the reservoir (Speight, 2007; Speight, 2008). 

The majority of crude oil reserves identified to date are located 
in a relatively small number of very large fields, known as giants. 
In fact, approximately 300 of the largest oil fields contain almost 
75% of the available crude oil. Although most of the world's nations 
produce at least minor amounts of oil, the primary concentrations 
are in the Persian Gulf, North and West Africa, the North Sea, and 
the Gulf of Mexico. In addition, of the 90 oil-producing nations, five 
Middle Eastern countries contain almost 70% of the current, known 
oil reserves. 

For many years, petroleum and heavy oil were very generally 
defined in terms of physical properties. For example, heavy oils 
were considered to be those crude oils that had gravity somewhat 
less than 20°API with the heavy oils falling into the API gravity 
range 10 to 15°. For example, Cold Lake heavy crude oil has an API 
gravity equal to 12°, and tar sand bitumen usually has an API grav-
ity in the range 5-10° (Athabasca bitumen = 8°API). Residua would 
vary depending upon the temperature at which distillation was 
terminated, but usually vacuum residua fall into the approximate 
range 2 to 8°API. However, the classification of crude oil by the use 
of a single physical property is subject to the errors inherent in the 
analytical method (by which the property is determined) and must 
be used with caution (Chapter 4). 
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1.4.2 Natural Gas 

The generic term natural gas applies to gases commonly associated 
with petroliferous (petroleum-producing, petroleum-containing) 
geologic formations. Natural gas generally contains high propor-
tions of methane (a single carbon hydrocarbon compound, CH4) 
and some of the higher molecular weight higher paraffins (CnH2n+2) 
generally containing up to six carbon atoms may also be present 
in small quantities (Table 1.5). The hydrocarbon constituents of 
natural gas are combustible, but non-flammable non-hydrocarbon 
components such as carbon dioxide, nitrogen, and helium are often 
present in the minority and are regarded as contaminants. 

In addition to the natural gas fund in petroleum reservoirs, there 
are also those reservoirs in which natural gas may be the sole occu-
pant. The principal constituent of natural gas is methane, but other 
hydrocarbons, such as ethane, propane, and butane, may also be 
present. Carbon dioxide is also a common constituent of natural gas. 
Trace amounts of rare gases, such as helium, may also occur, and 
certain natural gas reservoirs are a source of these rare gases. Just as 
petroleum can vary in composition, so can natural gas. Differences 
in natural gas composition occur between different reservoirs, and 

Table 1.5 Constituents of natural gas. 

Name 

Methane 

Ethane 

Propane 

Butane 

Pentane* 

Carbon dioxide 

Hydrogen sulfide 

Nitrogen 

Helium 

Formula 

CH4 

C2H6 

C3H, 

C 4 H 1 0 

C 5 H 1 2 

co2 

H2S 

N2 

He 

Vol. % 

>85 

3-8 

1-5 

1-2 

1-5 

1-2 

1-2 

1-5 

«3.5 

Pentane*: pentane and higher molecular weight 
hydrocarbons, including benzene and toluene. 
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two wells in the same field may also yield gaseous products that are 
different in composition (Speight, 1990). 

Natural gas (also called marsh gas and swamp gas in older texts 
and more recently landfill gas) is a gaseous fossil fuel that is found 
in oil reservoirs, natural gas reservoirs, coal seams. It is a vital com-
ponent of the world's supply of energy. It is one of the cleanest, 
safest, and most useful of all energy sources. While it is commonly 
grouped in with other fossil fuels and sources of energy, there are 
many characteristics of natural gas that make it unique. 

Natural gas is the result of the decay of animal remains and 
plant remains, or organic debris, that has occurred over millions 
of years. Over time, the mud and soil that covered the organic 
debris changed to rock and trapped the debris beneath the newly 
formed rock sediments. Pressure, and to some extent, heat (as yet 
undefined) changed some of the organic material into coal, some 
into oil (petroleum), and some into natural gas. Whether or not the 
debris formed coal, petroleum, or gas depended upon the nature 
of the debris and the localized conditions under which the changes 
occurred. 

Natural gas has been known for many centuries, but its initial 
use was probably more for religious purposes rather than as a fuel. 
For example, gas wells were an important aspect of religious life in 
ancient Persia because of the importance of fire in their religion. In 
classical times, these wells were often flared and must have been 
awe-inspiring (Scheil and Gauthier, 1909; Schroder, 1920; Lockhart, 
1939; Forbes, 1964). Furthermore, just as petroleum was used in 
antiquity, natural gas was also known in antiquity. However, the 
use of petroleum has been relatively well documented because of 
its use in warfare and as mastic for walls and roads (Henry, 1873; 
Abraham, 1945; Forbes, 1958a, 1958b; James and Thorpe, 1994). 

Natural gas was first discovered in the United States in Fredonia, 
New York, in 1821. In the years following this discovery, natural gas 
usage was restricted to its environs because the technology for stor-
age and transportation (bamboo pipes notwithstanding) was not well 
developed and, at that time, natural gas had little or no commercial 
value. In fact, in the 1930s when petroleum refining was commenc-
ing — an expansion in technology that is still continuing — natural 
gas was not considered a major fuel source and was only produced 
as an unwanted by-product of crude oil production and/or refining. 
It is only during the last several decades that natural gas has been 
seen as a major contributor to energy production. 
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There are several general definitions that have been applied 
to natural gas. For example, associated or dissolved natural gas 
occurs either as free gas or as gas in solution in the petroleum. Gas 
that occurs as a solution in the petroleum is dissolved gas, whereas 
the gas that exists in contact with the petroleum (gas cap) is associ-
ated gas. In addition, lean gas is gas in which methane is the major 
constituent and wet gas contains considerable amounts of the 
higher molecular weight hydrocarbons. Sour gas contains hydro-
gen sulfide, whereas sweet gas contains very little, if any, hydro-
gen sulfide. In direct contrast to the terminology of the petroleum 
industry where the residue (residuum, resid) is the high boiling 
material left after distillation, residue gas is natural gas from which 
the higher molecular weight (higher boiling) hydrocarbons have 
been extracted and so is the lowest boiling hydrocarbon in natural 
gas. Finally casing head gas (casinghead gas) is derived from petro-
leum, but is separated at the well-head separation facility. 

To further define the terms dry and wet in quantitative measures, 
the term dry natural gas indicates that there is less than 0.1 gallon 
(1 gallon, US, = 264.2 m3) of gasoline vapor (higher molecular 
weight paraffins) per 1000 ft3 (1 ft3 = 0.028 m3). The term wet natu-
ral gas indicates that there are such paraffins present in the gas — in 
fact, more than 0.1 gal/1000 ft3. 

Other components such as carbon dioxide (C02), hydrogen sul-
fide (H2S), mercaptans (thiols; R-SH), as well as trace amounts of 
other constituents may also be present. Thus, there is no single 
organization of components that maybe termed typical natural gas. 

1.4.3 Heavy Oil 

Heavy oil is a type of petroleum that is different from conventional 
petroleum insofar as it is much more difficult to recover from the 
subsurface reservoir and has a much higher viscosity (and lower 
API gravity) than conventional petroleum, and primary recovery 
of heavy oil usually requires thermal stimulation of the reservoir. 

Petroleum and heavy oil have been very generally defined in terms 
of physical properties (Section 1.2). For example, heavy oil was con-
sidered to be crude oil that had gravity somewhat less than 20°API 
with tar sand bitumen falling into the API gravity range <10°. For 
example, Cold Lake heavy crude oil has an API gravity equal to 12° 
and tar sand bitumen, usually has an API gravity in the range of 5-10° 
(Athabasca bitumen = 8°API). However, classification of crude oil by 
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the use of a single physical property is subject to the errors inherent in 
the analytical method by which the property is determined and must 
be used with caution (Chapter 4). 

While conventional crude oil flows naturally and can be pumped 
without being heated or diluted, heavy crude oil usually requires 
thermal stimulation to cause recovery. In fact, a more appropriate 
definition of heavy oil is that it is it is recoverable in its natural state 
by conventional oil well production methods including currently 
used enhanced recovery techniques. By analogy, tar sand bitumen 
it is not recoverable in its natural state using enhanced (tertiary) 
recovery techniques (Section 5.4). 

The term extra heavy oil has been introduced fairly recently with-
out reasonable justification and often serves to confuse the real issues 
of nomenclature. It is used to define the material (such as tar sand 
bitumen) that occurs in the near-solid state and is incapable of free 
flow under ambient conditions. Yet a definition of such material has 
been available for four decades (Section 1.5) and use of the term 
extra heavy oil only serves to confuse matters even further by intro-
ducing another unknown in the simple arena of terminology and 
definitions. 

1.4.4 Tar Sand Bitumen 
Throughout this text, frequent reference is made to tar sand bitu-
men, but because commercial operations have been in place for 
over 40 years (Spragins, 1978; Speight, 1990) it is not surprising 
that more is known about the Alberta, Canada tar sand reserves 
than any other reserves in the world. Therefore, when discussion is 
made of tar sand deposits, reference is made to the relevant deposit, 
but when the information is not available, the Alberta material is 
used for the purposes of the discussion. 

The term bitumen (also, on occasion, referred to as native asphalt) 
includes a wide variety of naturally occurring reddish brown to 
black materials of semisolid, viscous to brittle character that can 
exist in nature with no mineral impurity or with mineral matter 
contents that exceed 50% by weight. Bitumen is frequently found 
filling pores and crevices of sandstone, limestone, or argillaceous 
sediments, in which case the organic and associated mineral matrix 
is known as rock asphalt (Abraham, 1945; Hoiberg, 1964). Tar sand 
bitumen is a high-boiling material with little, if any, material boil-
ing below 350°C (660°F). The term oil sand is also used in the same 
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way as the term tar sand, and these terms are used interchangeably 
throughout this text. 

Bitumen is also a common term used in many European coun-
tries for the mastic that makes up road asphalt — a mixture of 
asphalt and aggregate. The term bitumen is not used in any such 
sense in this book. 

Furthermore, it is incorrect to refer to naturally occurring bitu-
men as tar or pitch. Although the word tar is somewhat descriptive 
of the black bituminous material, it is best to avoid its use with 
respect to natural materials. More correctly, the name tar is usually 
applied to the heavy product remaining after the destructive distil-
lation of coal or other organic matter. Pitch is the distillation residue 
of the various types of tar. Alternative names, such as bituminous 
sand or oil sand, are gradually finding usage, with the former name 
more technically correct. 

For the purposes of this text, the definition of tar sand bitumen is 
derived from the definition of tar sand that has been defined by the 
United States government (FE-76-4): 

[Tar sands]...the several rock types that contain an extremely 
viscous hydrocarbon which is not recoverable in its natural 
state by conventional oil well production methods including 
currently used enhanced recovery techniques. The hydrocar-
bon-bearing rocks are variously known as bitumen-rocks oil, 
impregnated rocks, oil sands, and rock asphalt. 

By inference, heavy oil (Section 3.1) is a resource that can be 
recovered in its natural state by conventional oil well production 
methods including currently used enhanced recovery techniques. 
The term natural state means without conversion of the heavy oil 
or bitumen as might occur during thermal recovery processes. 

Because of the diversity of available information and the con-
tinuing attempts to delineate the various world tar sand deposits, 
it is virtually impossible to present accurate numbers that reflect 
the extent of the reserves in terms of the barrel unit. The term extra 
heavy oil (Section 1.4) is often invoked without explanation or ade-
quate description, leaving the reserves of heavy oil and tar sand 
bitumen open to speculation. Indeed, investigations into the extent 
of many of the world's deposits are continuing at such a rate that 
the numbers vary from one year to the next. Accordingly, the data 
quoted here must be recognized as approximate with the potential 
of being quite different at the time of publication. 
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Nevertheless, whatever numbers are used, bitumen in tar sand 
deposits represent a potentially large supply of energy (Chapter 2). 
However, many of these reserves are only available with some dif-
ficulty and optional refinery scenarios will be necessary for conver-
sion of these materials to low-sulfur liquid products because of the 
substantial differences in character between conventional petro-
leum and tar sand bitumen. Bitumen recovery requires the prior 
application of reservoir fracturing procedures before the introduc-
tion of thermal recovery methods. Currently, commercial opera-
tions in Canada use mining techniques for bitumen recovery. 

Even though tar sand deposits are widely distributed through-
out the world (Speight, 1990, 2007), the fact that commercialization 
has taken place in Canada does not mean that commercialization 
is imminent for other tar sands deposits. There are considerable 
differences between the Canadian and the US deposits that could 
preclude across-the-board application of the Canadian principles 
to the US sands (Speight, 1990). Whilst Canadian scientist and 
engineers know much about the Athabasca (Alberta) deposits, the 
knowledge is not generally applicable to other deposits — the key 
is site specificity in terms of accessibility and recoverability. 
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2 
Origin and Occurrence of Oil 

Petroleum has been used as an energy resource for more than 6,000 
years (Chapter 1) and it is by far the most commonly used source 
of energy, especially as the source of liquid fuels and use of petro-
leum is projected to continue at least in current amounts for at 
least two decades (Speight, 2007a; BP, 2008; World Energy Council, 
2008; Speight, 2011) (Figure 2.1). In recent years, the average qual-
ity of crude oil has become worse. This is reflected in a progressive 
decrease in API gravity (i.e., increase in density) and a rise in sulfur 
content (Swain, 1991,1993,1997,2000). It is now believed that there 
has been a recent tendency for the quality of crude oil feedstocks to 
stabilise. Be that as it may, the nature of crude oil refining has been 
changed considerably. 

The declining reserves of light crude oil have resulted in an 
increasing need to develop options to upgrade the abundant sup-
ply of known heavy oil reserves. In addition, there is considerable 
focus and renewed efforts on adapting recovery techniques to the 
production of heavy oil and tar sand bitumen (Speight, 2007a). 

Fossil fuels are those fuels, namely coal, petroleum (including 
heavy oil and bitumen), natural gas, and oil shale produced by the 
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Figure 2.1 *Distribution of World Energy Resources, millions of tons oil 
equivalent (Mtoe). 
*Source: World Energy Outlook 2008, International Energy Agency. 

decay of plant remains over geological time (Speight, 1990, 2008). 
Resources such as heavy oil and bitumen in tar sand formations, 
which are also discussed in this text, represent an unrealized poten-
tial (Speight, 2008, 2009), with liquid fuels from petroleum being 
only a fraction of those that could ultimately be produced from 
heavy oil and tar sand bitumen. 

In fact, at the present time, the majority of the energy consumed 
by human society is produced from the fossil fuels (petroleum: ca. 
38 to 40%, coal: ca. 31 to 35%, natural gas: ca. 20 to 25%) with the 
remainder of the energy requirements to come from nuclear and 
hydroelectric sources. As a result, fossil fuels (in varying amounts 
depending upon the source of information) are projected to be the 
major sources of energy for the next fifty years. 

Petroleum is scattered throughout the earth's crust, which is 
divided into natural groups or strata, categorized in order of their 
antiquity (Table 2.1). These divisions are recognized by the distinc-
tive systems of organic debris (as well as fossils, minerals, and other 
characteristics) that form a chronological time chart that indicates 
the relative ages of the earth's strata. It is generally acknowledged 
that carbonaceous materials such as petroleum occur in all these 
geological strata from the Precambrian to the recent, and the ori-
gin of petroleum within these formations is a question that remains 
open to conjecture and the basis for further investigation. 
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2.1 The Formation of Oil 

There are two theories on the origin of petroleum: the abiogenic 
theory and the biogenic theory (Kenney et al, 2001,2002). Both the-
ories have been intensely debated since the 1860s, shortly after the 
discovery of widespread occurrence of petroleum. 

The abiogenic theory of petroleum formation postulates that 
inorganic substances were the source material. In fact, there are 
several recent theories related to the formation of petroleum from 
non-biogenic sources in the earth (Gold, 1984,1985; Gold and Soter, 
1980,1982,1986; Osborne, 1986; Szatmari, 1989). 

Thus, the idea of abiogenic petroleum origin proposes that 
large amounts of carbon exist naturally in the planet, some in the 
form of hydrocarbons. Hydrocarbons are less dense than aqueous 
pore fluids, and migrate upward through deep fracture networks. 
Thermophilic, rock-dwelling microbial life forms are in part respon-
sible for the biomarkers found in petroleum. However, their role in 
the formation, alteration, or contamination of the various hydrocar-
bon deposits is not yet understood. Thermodynamic calculations 
and experimental studies confirm that n-alkanes (common petro-
leum components) do not spontaneously evolve from methane at 
pressures typically found in sedimentary basins, and so the theory 
of an abiogenic origin of hydrocarbons suggests deep generation 
below 200 km. 

However, most geologists and geochemists support the biogenic 
theory of petroleum formation and consider crude oil and natural 
gas as the products of compression and heating of ancient vegeta-
tion over geological time, although the chemistry of the transfor-
mation of the organic matter into petroleum is not well understood 
and is largely speculative (Tissot and Weite, 1978; Snowdon and 
Powell, 1982; Brooks and Weite, 1984; Speight, 2007a). Over mil-
lennia, this organic matter — the decayed remains of prehistoric 
marine animals and terrestrial plants — mixed with mud and was 
buried under thick sedimentary layers of material. While the mini-
mum and maximum temperatures have never been fully defined 
or conclusively proven, heat and pressure caused the remains to 
metamorphose, first into a material known as protopetroleum, and 
then into liquid and gaseous hydrocarbons by means of a matu-
ration process (catagenesis) (Califet and Oudin, 1966; Barker and 
Wang, 1988; Speight, 2007a). The liquid and gaseous hydrocarbons 
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then migrated through adjacent rock layers until they were trapped 
underground in porous rock formations, or reservoirs. Hydrocarbon 
accumulations in a reservoir require that the reservoir rock has the 
capacity of transmit fluids (permeability) and to store fluids (poros-
ity) as well as an impermeable basement rock and an impermeable 
cap rock to prevent their escape. 

The arguments against the abiotic theory involve various bio-
markers which have been found in all samples of all the oil and gas 
accumulations found to date. The prevailing view among geolo-
gists and petroleum engineers is that this evidence provides irrefut-
able proof that the oil and gas accumulations found up to now have 
a biologic origin. 

The composition of the precursors has a major influence on the 
composition of petroleum and the relative amounts of these precur-
sors (dependent upon the local flora and fauna) that occurred in the 
source material added another variable to the composition of the 
produced oil. Hence, it is not surprising that petroleum composi-
tion can vary with the location and age of the field, in addition to 
any variations that occur with the depth of the individual well. Two 
adjacent wells are more than likely to produce petroleum with very 
different characteristics. 

2.2 Reservoirs 

Reservoir location and structure plays an important role in crude 
oil economics — some would even say the most important role. 

A reservoir is any porous and permeable stratum that will store 
crude oil and a very common reservoir rock is a porous or fractured 
limestone (especially of the reef, bioherm type); several such reser-
voir structures are found throughout the earth. Most reservoir rocks 
are sedimentary rocks, almost always the coarser grained of the sedi-
mentary rocks: sand, sandstone, limestone, and dolomite. A less com-
mon reservoir is a fractured shale or even igneous or metamorphic 
rock. It is only rarely that shale acts as a reservoir rock, and again 
fractures and other relatively wide openings are believed to confer 
the required reservoir properties on an otherwise unsuitable rock. 

2.2.1 Reservoir Structure 

Petroleum accumulations are usually found in structural highs 
(an anticline), where reservoir rocks of suitable porosity and 
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permeability are covered by a dense, relatively impermeable cap 
rock, such as an evaporite or shale. A reservoir rock sealed by a 
cap rock in the position of such a geological high (i.e., the anticline) 
is known as a structural petroleum trap (Figure 2.2). Stratigraphie 
traps are also known and occur in various fields. In all cases, 
changes in permeability and porosity determine the location of oil 
and/or a gas accumulation. Such accumulations may be several 
miles in length. 

Structural traps are formed by a deformation in the rock layer 
that contains the hydrocarbons. Anticlines, domes, and folds are 
common structures. Fault-related features also may be classified as 
structural traps if closure is present. Structural traps are the easi-
est to locate by surface and subsurface geological and geophysi-
cal studies. They are the most numerous among traps and have 
received a greater amount of attention in the search for oil than 
all other types of traps. On the other hand, stratigraphie traps are 
formed when other beds seal a reservoir bed or when the faciès 
change (change in the rock-type) within the reservoir bed itself 
leading to a change in permeability and stoppage of the flow of the 
fluids. 

The simplest form of the structural trap is the anticline and the 
dome, each of which has a convex upper surface (Figure 2.2). Many 
oil and gas accumulations are trapped in anticlines or domes, 
structures that are generally more easily detected than some other 
types of traps. There are also examples in which the reservoir rock 
wedges out at its upper end as an original depositional feature due 
to lateral variation in deposition or abuts against an old land sur-
face (stratigraphie trap). Traps associated with salt intrusions are 

Edge water—τ· Bottom water »}» Edge water 

Figure 2.2 Typical anticlinal petroleum trap. 
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of various kinds; limestone reefs can also serve as reservoir rocks 
and give rise to overlying traps of anticlinal form as a result of dif-
ferential compaction. Lastly, examples are also known in which the 
reservoir rock extends to the surface of the earth but oil and gas 
are sealed in it by clogging of the pores by bitumen or by natural 
cements. Many reservoirs display more than one of the factors con-
tributing to the entrapment of hydrocarbons. 

The distinction between a structural trap and a stratigraphie trap 
is often difficult to define. For example, an anticlinal trap may be 
related to an underlying buried limestone reef. Beds of sandstone 
may wedge out against an anticline because of depositional varia-
tions or intermittent erosion intervals. Salt domes, formed by flow 
of salt at substantial depths, also have created numerous traps that 
are both a structural trap and a stratigraphie trap. 

2.2.2 Accumulation in Reservoirs 

To all intents and purposes and to the casual observer, a rock is 
solid. Yet a rock can possess the fluid holding capacity by virtue 
of the uneven contact between the mineral grains and the ensuing 
space (porosity) within the rock. 

Reservoir rock (usually, but not always, sandstone) must pos-
sess fluid-holding capacity (porosity) and also fluid-transmitting 
capacity (permeability). A variety of different types of openings 
in rocks are responsible for these properties in reservoir rocks, the 
most common of which are the pores between the grains of which 
the rocks are made or the cavities inside fossils, openings formed 
by solution or fractures, and joints that have been created in vari-
ous ways. The relative proportion of the different kinds of openings 
varies with the rock type, but pores usually account for the bulk of 
the storage space. The effective porosity for oil storage results from 
continuously connected openings that provide the property of per-
meability (the capacity of the rock to allow fluids to pass through), 
and although a rock must be porous to be permeable, there is no 
simple quantitative relationship between the two. 

In reservoir rock, porosity is generally in the range of 5 to 30%; 
while permeability is commonly between 0.005 Darcy and several 
Darcys. It should be noted that pores may be, at best, only a mil-
limeter or so in width, whereas fossil and solution cavities may 
sometimes be 30 to 50 times wider. Many joints and fractures are 
probably only a millimeter across, although they may extend for 
considerable distances. 
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Petroleum accumulations are generally found in relatively 
coarse-grained porous and permeable rocks that contain little or no 
insoluble organic matter. It is highly unlikely that petroleum origi-
nated from organic matter of which no trace remains now. Rather, 
it appears that petroleum constituents are generated through geo-
chemical action on organic detritus that is usually found in fine-
grained sedimentary rocks. In addition, it may be anticipated that 
some of the organic material would also change sufficiently from 
the original organic material to remain in the sediment through and 
beyond the oil-generating stage. Thus, it is generally assumed that 
the place of origin of oil and gas is not identical to the locations 
where it is found. The oil has had to migrate to present reservoirs 
from the place of origin. 

When sediments such as mud and clay are deposited, they con-
tain water. As the layers of sediment accumulate, the increasing 
load of material causes compaction of the sediment and part of the 
water is expelled from the pores. Migration of oil probably begins 
at this stage and may involve a substantial horizontal component. 
Initially, the oil hydrocarbons may be present in the water, either 
suspended as tiny globules or dissolved, with hydrocarbons being 
slightly soluble in water. The loss of hydrocarbons from a trap is 
referred to as dismigration. 

However, the processes by which petroleum migrates into pools 
are not well defined and are speculative (Table 2.2), but it is known 
that crude oil and gas occur in pools or fields in which the oil or gas 
occupies pore space in the rock. Some pools are large, extending lat-
erally over many square kilometers, with their vertical extent rang-
ing from several meters to as much as several hundred meters. The 
crude oil or gas occupying the pore space in the pool has displaced 
the water that was initially present in the pores. The presence of a 
pool of oil or gas therefore implies that the oil or gas has migrated 
into the pool. Within the pool, there may be a single phase (oil and 
gas dissolved in water) or a multiphase (separate water and hydro-
carbon phases) fluid system. 

2.2.3 Distribution of Fluids in the Reservoir 
The specific gravity of gas and petroleum, the latter generally 
between specific gravity (at 60°F, 15.6°C) that varies from about 0.75 
to \ .00 ($7 to Λ0° ÄP\>, "with the specific gravity oí most crude oils fall-
ing in the range 0.80 to 0.95 (45 to 17°API), are considerably lower 
than those of saline pore waters (specific gravity: 1.0 to 1.2). 
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Table 2.2 General mechanisms for petroleum migration. 

Geological Event 

Basin development 

Mature basin 

Hydrocarbon generation 

Hydrocarbons dissolve 

Geothermal gradient changes 

Pore fluids cool 

Hydrocarbons separate 

Updip migration 

Intermittent faulting 

Migration Effect 

downward fluid flow 

sediments move downward 

thermal effects on source 
sediment 

pore fluid become saturated 

isotherms depressed 

hydrocarbons form separate 
phase 

move to top of carrier fluid 
(water) 

buoyancy effect 

hydrocarbon migration to traps 

The distribution of the fluids in a reservoir rock is dependent on 
the densities of the fluids as well as on the properties of the rock. If 
the pores are of uniform size and evenly distributed, there is: 

1. an upper zone where the pores are filled mainly by gas 
(the gas cap). 

2. a middle zone in which the pores are occupied princi-
pally by oil with gas in solution. 

3. a lower zone with its pores filled by water. 

Approximately 10 to 30% of water occurs along with the oil in 
the middle zone. There is a transition zone from the pores occu-
pied entirely by water to pores occupied mainly by oil in the reser-
voir rock, and the thickness of this zone depends on the densities 
and interfacial tension of the oil and water, as well as the sizes of 
the pores. Similarly, there is some water in the pores in the upper 
gas zone that has at its base a transition zone from pores occupied 
largely by gas to pores filled mainly by oil. 

The water found in the oil and gas zones is known generally as 
interstitial water. It usually occurs as collars around grain contacts, 
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as a filling of pores with unusually small throats connecting with 
adjacent pores, or, to a much smaller extent, as wetting films on the 
surface of the mineral grains when the rock is preferentially wet by 
water. The water may occur as wetting films, or collars, around the 
sand grains as well as in some completely filled pores. 

2.2.4 Migration of Reservoir Fluids 

The predominant theory assumes that as the sedimentary lay-
ers superimposed in the source bed became thicker, the pressure 
increased and the compression of the source bed caused liquid 
organic matter to migrate to sediments with a higher permeability, 
which as a rule is sandstone (or porous limestone). 

Primary migration is the movement of hydrocarbons from 
mature, organic-rich source rocks to a point where the oil and gas 
can collect as droplets or as a continuous phase of liquid hydrocar-
bon. Secondary migration is often attributed to various aspects of 
buoyancy and hydrodynamics (Schowalter, 1979; Barker, 1980) and 
is the movement of the hydrocarbons as a single, continuous fluid 
phase through water-saturated rocks, fractures, or faults followed 
by accumulation of the oil and gas in sediments (traps) from which 
further migration is prevented. 

It is believed that during migration petroleum does not move 
through the bulk of the non-source rock and shale bodies but 
through faults and fractures that may be in the form of a chan-
nel network that permits leakage of oil and gas from one zone to 
another. During this migration, the composition of the oil may be 
changed through physical causes, such as filtration and adsorption, 
in a manner analogous to the Chromatographie separation of petro-
leum. Reactions with minerals such as elemental sulfur or even 
with sulfur-containing minerals (e.g. sulfates) may also occur. 

Source beds do not generally coincide with reservoir rocks and 
the belief is that petroleum, before it comes to rest in a trap, migrates 
large distances. Various examples are known of vertical migration, 
and migration upward for some kilometers is considered possible. 
Nevertheless the converse may also be true, and the in situ the-
ory (juxtaposition of source bed and reservoir rock) advocates that 
petroleum migrates very little, if at all, and that even the amount of 
vertical migration is negligible. 

Once the oil has accumulated in the reservoir rock, gravitational 
forces are presumed to be dominant, thereby causing the oil, gas, 
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and water to segregate according to their relative densities in the 
upper parts of the reservoir (Landes, 1959). If the pores in the res-
ervoir rock are of uniform size and evenly distributed, there are 
transition zones, from the pores occupied entirely by water to pores 
occupied mainly by oil to those pores occupied mainly by gas. The 
thickness of the water-oil transition zone depends on the densities 
and interfacial tension of the oil and water as well as on the size of 
the pores. Similarly, there is some water in the pores in the upper 
gas zone, which has at its base a transition zone from pores occu-
pied largely by gas to pores filled mainly by oil. 

The cap rock and basement rock, which are generally imperme-
able (or have a much lower permeability than the reservoir rock to 
oil and gas), act as a seal to prevent the escape of oil and gas from 
the reservoir rock. Typical cap and basement rocks are clay and 
shale, that is, strata in which the pores are much finer than those of 
reservoir rocks. Other rocks, such as marl and dense limestone, can 
also serve as cap and basement rocks provided that any pores are 
very small. There are cases in which evaporites (salt, anhydrite, and 
gypsum) act as effective sealants. The cap rock has a far lower per-
meability than the reservoir rock, but it is equally true that cap rocks 
have very high capillary pressures while those of reservoir rocks 
are much lower. The capillary pressure is the pressure required to 
cause a fluid to displace from the openings in a rock by another 
fluid with which it is not miscible. Capillary pressure is dependent 
on the size of the openings, the interfacial tension between the two 
fluids, and the contact angle for the system. 

2.2.5 Transformation of Petroleum in the Reservoir 

Petroleum is susceptible to alteration even after it has collected in 
a reservoir or in sediments (Evans et al, 1971). The alteration pro-
cess is ongoing and such alteration can change the quality of the oil 
during the life of the reservoir, thereby affecting the price of the oil. 
Therefore, it is important to briefly address the issue of the altera-
tion of petroleum once it has accumulated in the reservoir. 

Alteration of reservoir petroleum is accepted for most of the world 
oil accumulations and may be related to the relative instability of 
petroleum, or the traps may be susceptible to incursion to chemi-
cal agents, such as oxygen. Physical effects, such as those caused 
when the level of burial of the trap changes as a result of further 
subsidence or erosion, may also play a role. Examples of chemical 
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alteration are thermal maturation, deasphalting, and microbial 
degradation of the reservoir oil. Examples of physical alteration of 
petroleum are the preferential loss of low-boiling constituents by 
diffusion or the addition of new constituents to the oil-in-place by 
migration of these constituents from a source outside the reservoir. 

The thermal maturation of petroleum in the reservoir due to the 
geothermal gradient is a series of disproportionate reactions result-
ing in the production of gases, such as methane and other light 
hydrocarbons (Evans et al, 1971). The geothermal gradient is gen-
erally on the order of 25 to 30°C/km (15°F/1000 ft or 120°C/1000 ft, 
i.e. 0.015°C per foot of depth or 0.012°C per foot of depth), i.e. 
approximately one degree for every 100 feet below the surface. The 
temperature gradient that exists, while not seemingly high enough 
for many organic reactions, may be sufficient for the task, given 
geologic time. Thus, with increasing depth of the reservoir, there 
is a tendency for crude oil to become lighter insofar as it contains 
increasing amounts of low-molecular weight hydrocarbons and 
decreasing amounts of the higher molecular weight constituents. 

Deasphalting is the precipitation of asphaltene constituents 
from crude oils by admixture with or dissolution in the oil of large 
amounts of light hydrocarbon and/or gaseous hydrocarbons that 
vary from methane to the various heptane isomers (Mitchell and 
Speight, 1973; Speight et al, 1984; Speight, 2007a). Such deasphalting 
can occur whenever considerable amounts of the lower molecular 
weight hydrocarbons are generated in substantial quantities because 
of thermal alteration of the oil or as a result of gas incursion from 
secondary migration. The overall effects of gas deasphalting are often 
difficult to distinguish from those of thermal maturation because 
both processes usually occur concomitantly and the net change in 
composition is that the oils become lighter (Evans et al., 1971). 

The microbial alteration of crude oil and alteration due to water 
washing — the removal of water-soluble compounds — are com-
mon methods of petroleum alteration. Both processes are frequently 
observed in combination because they are both due to the action 
of moving subsurface water. The biodégradation of crude oil is a 
selective utilization of certain types of hydrocarbons by microor-
ganisms (Evans et al, 1971; Bailey et al, 1973a; Bailey et al, 1973b; 
Deroo et al, 1974; Connan et al, 1975). 

Biodegradation and water washing can be expected wherever 
reservoirs are close to the surface and where they are accessible to 
surface-derived waters. An example of such crude oil alteration is 
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based on crude oil samples from the western Canada sedimentary 
basin (Deroo et al., 1974). Systematic changes have been observed, 
from what are believed to be normal, unaltered oils in the deeper 
reservoirs, to heavier oils in the more shallow reservoirs, and to 
drastically altered oils very close to the surface — the sandstone 
reservoirs impregnated with heavy oils, such as the Athabasca oil 
sands. There are also instances of an increase in sulfur content of 
the crude oil along with increasing bacterial degradation. It is not 
yet clear whether sulfur is added to the crude oils by the action 
of bacteria or whether the sulfur compounds are not attacked by 
the bacteria and thus remain after the bacteria have preferentially 
eliminated the hydrocarbon moieties. 

2.2.6 Relationship of Petroleum Composition and 
Properties 

Of all the properties, specific gravity, or American Petroleum 
Institute (API) gravity, is the variable usually observed. The changes 
may simply reflect compositional differences, such as the gasoline 
content or asphalt content, but analysis may also show significant 
differences in sulfur content or even in the proportions of the vari-
ous hydrocarbon types. 

Elemental sulfur is a common component of sediments, and, if 
present in the reservoir rock, dissolves in the crude oil and reacts 
slowly with it to produce various sulfur compounds and/or hydro-
gen sulfide, which may react further with certain components of 
the oil. These reactions are probably much the same as those that 
occur in the source bed and are presumed to be largely responsible 
for the sulfur content of petroleum; these reactions are accompa-
nied by a darkening of the oil and a significant rise in specific grav-
ity and viscosity. 

The variation in the character of crude oil with depth of burial is 
also of interest. An increase in the lighter constituents and a decrease 
in the density and a decrease in the amount of higher molecular 
weights constituents with increasing depth of the reservoir often 
occurs. Thus, there is the distinct possibility, if not certainty, that 
the original character of petroleum can be substantially altered 
by events following the migration process. Each of the suggested 
mechanisms for this alteration (i.e. thermal alteration, deasphalt-
ing, and biogenic alteration) may all play a role in the alteration of 
a particular crude oil. As for the choice of a migration mechanism, 
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the choice of the prevalent in situ alteration process depends upon 
the prevalent conditions to which the petroleum is subject. A par-
ticular mechanism for alteration may be the prime operative, or all 
may contribute to determining the ultimate character of the petro-
leum. The determining factor is site specificity. 

2.3 Reservoir Classification 

Briefly, a reservoir is a porous and permeable underground forma-
tion containing an individual and separate natural accumulation 
of producible hydrocarbons (oil and /or gas), which is confined by 
impermeable rock or water barriers and is characterized by a single 
natural pressure system (Chapter 2). 

A conventional petroleum reservoir (i.e. an anticline) is a dome 
or vault of impermeable rock, formed by the folding or faulting of 
the rock layers or by the rise of salt domes, with permeable rocks 
beneath it. Generally, there is a layer of natural gas at the top of 
the dome, with petroleum below, and water or brine beneath the 
oil. However, not all reservoirs have the above characteristics, and 
there are also unconventional or continuous reservoirs in which the 
oil is not trapped as described above. Therefore, reservoir charac-
terization is an essential part of petroleum technology and offers an 
understanding or indication of the applicable method(s) of recovery. 

Petroleum reservoir characterization is the process of identify-
ing and quantifying those properties of a given petroleum reser-
voir that affect the distribution and migration of fluids within that 
reservoir. These aspects are controlled by the geological history of 
the reservoir. Furthermore, the ultimate goal of a hydrocarbon res-
ervoir characterization study is the development of a reasonable 
physical description of a given reservoir. This physical description 
can then be used as a basis for simulation studies, which, in turn, 
are used to assess the effectiveness of various recovery strategies. 
An accurate physical description of the reservoir often will lead to 
the maximum production of hydrocarbons from the reservoir lead-
ing to decision on the economic viability of a reservoir. 

The type of reservoir from which it originates and the method 
of recovery appear to be the most appropriate method(s) for clas-
sifying petroleum, heavy oil, and tar sand bitumen. Thus, a general 
classification scheme has been developed for petroleum reservoirs 
contained in US Department of Energy's tertiary-oil-recovery 
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information system (TORIS). This resulted in the classification and 
description of 2,300 light-oil reservoirs (greater that 20°API), collec-
tively containing 308 billion barrels of original oil-in-place (OOIP) 
(Ray et al, 1991). 

Reservoirs within the various classes are expected to manifest 
distinct types of reservoir heterogeneity as a consequence of their 
similar lithology and depositional histories. The creation of sub-
classes assists in the analysis of the impact of post deposition events 
on reservoir heterogeneity, which also leads to reservoir evaluation 
and the potential for economic viability of the reservoir. 

In 1975, as part of the reaction to the energy crisis, the Securities 
and Exchange Commission (SEC) was interested only in the proved 
reserves (Chapter 4) and, by inference, interested only in those res-
ervoirs which contain proved reserves. 

On the basis of the SEC definition of reserves, reservoirs are 
known and proven if they contained known and proven reserves 
that could be recovered with reasonable certainty in future years 
under existing economic and operating conditions. Thus, reservoirs 
were classified as proven if economic producibility is supported by 
either actual production or conclusive formation test. Furthermore, 
the area of a reservoir that is considered proven includes the por-
tion of the reservoir delineated by drilling. The immediately adjoin-
ing portions of the reservoir that were not yet drilled but could be 
reasonably judged as economically productive on the basis of avail-
able geological and engineering data were also included. 

In addition, reservoirs that could produce oil economically 
through the application of improved recovery techniques, such as 
fluid injection, are included in the proven reservoir classification 
only when successful testing by a pilot project — or the operation 
of an installed program in the reservoir — provides support for the 
engineering analysis on which the project or program was based. 

Reservoirs that were considered proven did not include res-
ervoirs that contained crude oil that may become available from 
known reservoirs but is classified separately as indicated addi-
tional reserves. Unproven reservoirs also included reservoirs con-
taining crude oil in which the recovery of the crude oil is subject 
to reasonable doubt because of uncertainty as to geology, reservoir 
characteristics, or economic factors. Of course, undrilled prospects 
are also included in the unproven reservoir category. 

In summary, the proved developed reservoirs (as deduced from 
the SEC classification of reserves) are those reserves that produce oil 
from existing wells with existing equipment and operating methods. 
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Reservoirs from which oil can be recovered using improved recov-
ery techniques are included only after testing by a pilot project, or 
after the operation of an installed program has confirmed through 
production response that increased recovery will be achieved. 

On the other hand proved undeveloped reserves are the reser-
voirs from which crude oil is expected to be recovered from new 
wells on undrilled acreage, or from existing wells where a rela-
tively major expenditure is required for reservoir recompletion. 
Undrilled reservoirs can be claimed as proven only where it can 
be demonstrated with certainty that there is continuity of produc-
tion from the existing productive reservoir formation. Under no cir-
cumstances should estimates for proved undeveloped reservoirs be 
attributable to any reservoir for which an application of fluid injec-
tion or other improved recovery technique is contemplated, unless 
such techniques have been proved effective by actual tests in the 
area and in the same reservoir. 

Furthermore, the Securities and Exchange Commission (SX Reg 
210.4-10, November 19, 1981, as amended September 19, 1989) 
requires adherence to the SEC definition of proved oil and gas 
reserves from which classification of reservoirs can be derive. 

Thus proven reservoirs (proved reservoirs) are those reservoirs 
where the estimated quantities of crude oil, which geological and 
engineering data demonstrate with reasonable certainty to be 
recoverable in future years from known reservoirs under existing 
economic and operating conditions, i.e. prices and costs as of the 
date the estimate is made. Prices include consideration of changes 
in existing prices provided only by contractual arrangements, but 
not on escalations based upon future conditions. 

Reservoirs are considered proven if economic producibility is 
supported by either actual production or a conclusive formation 
test. The area of a reservoir considered proven includes that por-
tion delineated by drilling and defined by gas-oil and /or oil-water 
contacts, if any, and the immediately adjoining portions not yet 
drilled, that can be reasonably judged as economically productive 
on the basis of available geological and engineering data. In the 
absence of information on fluid contacts, the lowest known struc-
tural occurrence of hydrocarbons controls the lower proved limit of 
the reservoir. 

Reservoirs from which crude oil can be produced economically 
through application of improved recovery techniques, such as fluid 
injection, are included in the proven classification when successful 
testing by a pilot project, or the operation of an installed program 
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in the reservoir, provides support for the engineering analysis on 
which the project or program was based. 

Furthermore, reservoirs are not included in the proven category 
when the estimates of crude oil reserves in those reservoirs include 
crude oil that may become available from known reservoirs but is 
classified separately as indicated additional reserves, when recov-
ery of the crude oil is subject to reasonable doubt because of uncer-
tainty as to geology, reservoir characteristics, or economic factors, 
and crude oil that may occur in undrilled prospects. 

Proved developed reservoirs contain proved developed oil 
reserves that can be recovered through existing wells with exist-
ing equipment and operating methods. These reservoirs also con-
tain additional crude oil that is obtained through the application of 
fluid injection or other improved recovery techniques for supple-
menting the natural forces and mechanisms of primary recovery. 
However, such reservoirs must have been successfully tested for 
production of crude oil by a pilot project, or after the operation of 
an installed program has confirmed through production response 
that increased recovery will be achieved from the reservoir. 

Proved undeveloped reservoirs are reservoirs that contain 
proved undeveloped oil reserves that are expected to be recov-
ered from new wells on undrilled acreage, or from existing wells 
where a relatively major expenditure is required for recomple-
tion. However, reservoirs that are undrilled are limited to those 
reservoirs that are reasonably certain of production when drilled. 
Proved reserves for other undrilled reservoirs can be claimed only 
where it can be demonstrated with certainty that there is conti-
nuity of production from the existing productive reservoir forma-
tion. Under no circumstances should a reservoir containing proved 
undeveloped reserves be included in the reserve estimate unless an 
application of fluid injection or other improved recovery technique 
is contemplated and unless such techniques have been proved 
effective by actual tests in the area and in the same reservoir. 

Reservoirs that contain probable crude oil reserves are reservoirs 
that contain estimated quantities of crude oil, which geological and 
engineering data infer to be commercially recoverable, but there 
is uncertainty about this data precluding the classification of these 
reserves as proven. 

The degree of risk in relying on reservoir capabilities based on 
estimates of probable reserves is greater than the risk for reservoirs 
containing estimates of proven reserves. 
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Finally, reservoirs that contain possible crude oil reserves are 
those reservoirs in which the estimated quantities of crude oil are 
based on limited geological and engineering data, and are commer-
cially recoverable but there is uncertainty about this data precluding 
the classification of these reserves, and the reservoirs, as probable. 

The degree of risk in relying on reservoir capabilities based on 
estimates of possible reserves is greater than the risk for reservoirs 
containing estimates of probable reserves. 

2.4 Reservoir Evaluation 

One of the basic requirements of the preliminary studies of the 
reservoir is to provide certifications of oil and gas reserves and 
resources — or reservoir evaluation. Geological and geochemical 
analyses of hydrocarbons and organic matter in source rocks are 
critical in hydrocarbon exploration and in examining the extent and 
continuity of hydrocarbon reservoirs. Hydrocarbons may be corre-
lated with source rock to verify the results of basin modeling. 

The estimation of crude oil reserves (Chapter 1) is usually subdi-
vided into two components: (1) the total reserves contained in the 
reservoir, usually termed the resource, and (2) recoverable reserves — 
the portion of the resource that is, as of the date the reserves are cal-
culated, economically efficient given market conditions and rational 
use of modern extraction equipment and technologies. The reserve 
estimate will change with the price of oil and with the evolution of 
new and more efficient recovery technologies. 

Thus, the first and foremost goal of operators is to define a res-
ervoir with the least number of wells as possible. Drill operators 
drill need to obtain as much as data as possible to define the reser-
voir parameters and extrapolate them spatially across the field to 
economically evaluate the reservoir and plan the best production 
method. 

The end point is knowledge that will lead to lower production 
costs and increased recoverable reserves. 

2.4.1 Depletable and Renewable Resources 
There are several separate concepts used to classify the stocks of 
depletable resources. 



50 PETROLEUM TECHNOLOGY, ECONOMICS, AND POLITICS 

A depletable resource, is a resource (crude oil and natural gas in 
the current context) for which the natural replenishment feedback 
loop can be safely ignored. With depletable resources, storage, such 
as the strategic petroleum reserve, provides a way of extending the 
economic life of a resource. On the other hand, a renewable resource 
(e.g. biomass) is a resource with a natural replenishment rate that 
augments its own stock (or biomass) at a non-negligible rate. 

Current reserves are those resources that can profitably be 
extracted at current prices. Even though current reserve is usu-
ally given as a number, it usually fluctuates with prices. Potential 
reserves refer to the relationship between the market price for the 
resource and the amount of the resource that can be profitably 
extracted at that price. The higher the price, the greater the poten-
tial reserves. 

Resource endowment is the natural occurrence of resources in 
the earth's crust, which provides an upper boundary on the avail-
able (terrestrial) resources. 

Finally, the static reserve index is the ratio of current reserves 
to current consumption and is expressed in terms of the number 
of years a given resource will last. However, this index is accurate 
if and only (1) the consumption rate continues at its current level, 
and (2) no new additions to reserves occur during the intervening 
period. 

2.4.2 Development of Resources 

In the extrapolation and development of petroleum resources, the 
properties of interest are the porosity, saturation, chemistry, and 
mobility. These are in pursuit of the following information: 

1. The porosity of the reservoir rock and whether or not 
there sufficient porosity for the fluid to exist, 

2. The types of fluids in the reservoir, 
3. The extent of the oil saturation, i.e. the extent to which 

the porosity of filled with oil, 
4. The mobility of the oil. 

None of the above can be measured directly. They are measured 
in conjunction with some other parameters. For example, the injec-
tion of an electric current and the measurement of voltage response 
determine the electrical resistivity — the property that describes 
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the ability if a material to support the process of charge transport. 
Archie's law describes the relationship between resistivity (electri-
cal), porosity, fluid saturation, and the cementitious nature of the 
rock. In petroleum reservoir evaluation, this data has significant 
impacts and consequences for the extraction of oil and hundreds of 
millions of dollars may be at risk and subject to the interpretation 
of this data. 

The current trend for reservoir evaluation is for fuller disclosure 
to provide investors with a better understanding of the underlying 
risk factors and range of uncertainty in reserve values and produc-
tion forecasts. 

For example, a company may have exploration potential that 
can represent a significant upside, but the hydrocarbons associ-
ated with the reservoirs cannot be included within the constraints 
of the securities exchange rules for standard reserve evaluations. 
Evaluators cannot create reserves. It is recommended that a sepa-
rate report be published that evaluates potential reserves and pro-
vides an independent opinion as to the upside exploration potential 
for undrilled lands. This value reporting concept advocates provid-
ing the investor with more than the minimal information required 
for public disclosure. For example, a reserve may be stranded due 
to a lack of facilities. No economic value is given, however, there is 
value to the investor who has a long-term plan and can wait several 
years for the infrastructure to be developed. In fact, to some extent, 
annual reports and press releases are value reporting. An indepen-
dent report would provide greater certainty to the investor and a 
firmer share price to the oil company. 

2.4.3 New Evaluation Technology 

Straight-line methods of evaluation (i.e. decline analysis) have lim-
ited applicability. In particular, decline analysis assumes pseudo 
steady-state flow of crude oil from the well. Many models are 
developed with this in mind, but the objectives of the study are 
not always clearly defined before any work begins. It is easy to fall 
into the trap of building a model that attempts to incorporate every 
aspect of a crude oil gathering system so that everyone can use 
it to forecast any possible scenario. The result is usually a model 
that is always waiting on more data, or one that is so complex and 
demanding of input data — especially revisions — that the quality 
of the model suffers to satisfy the quantity of input data. 
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Defining a set of objectives is not always an easy task. Specific 
circumstances can radically change the methodology required. 
The process of making these decisions requires a thorough under-
standing of the theoretical and practical aspects of reserves and 
deliverability. 

2.5 Estimation of Reserves in Place 

Oil is used by more than 200 nations of the world, but only approxi-
mately 40 countries, most of which are oil exporters, produce sig-
nificant amounts. The precise numbers are likely to change because 
of the depletion of the once-vast resources of North America and 
South America deriving from the increasing domestic use of oil 
by many of the exporters. The number of oil exporters outside the 
Middle East and the former Soviet Union will decrease in the com-
ing decades, which in turn will greatly reduce the supply diversity 
to the oil-importing nations (Hallock et al., 2004). An increase in 
reliance on oil from Persian Gulf countries, West African countries 
(especially Nigeria), the former Soviet Union has many strategic, 
economic, and political implications. 

Universally accepted definitions have not been developed for the 
many terms used by geologists, engineers, accountants, and others 
to denote various components of crude oil resources because most 
of these terms describe estimated and therefore uncertain, rather 
than measured, quantities. Particularly common is a general lack 
of understanding of the substantial difference between the terms 
reserves and resources (Chapter 1) as indicated by the frequent mis-
use of either term in place of the other. 

The amount of oil in a subsurface reservoir is called oil in place 
(OIP) and only a fraction of this oil can be recovered from a reser-
voir and this fraction is called the recovery factor. The portion that 
can be recovered is considered to be the reserve, while the portion 
of the oil that is non-recoverable (residual oil; Chapter 1) should not 
be included unless or until methods are implemented to produce it. 

There are a number of different methods of calculating oil 
reserves. These methods can be grouped into three general cate-
gories: (1) volumetric methods, (2) materials balance method, and 
(3) the decline curve method or production performance method. 

Volumetric methods attempt to determine the amount of oil 
in place by using the size of the reservoir as well as the physical 
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properties of its rocks and fluids. Then a recovery factor is assumed, 
using assumptions from fields with similar characteristics. The 
amount of oil in place is multiplied by the recovery factor to arrive 
at a reserve number. Current recovery factors for oil fields around 
the world typically range between 10 and 60 percent; some are over 
80 percent. The wide variance is due largely to the diversity of fluid 
and reservoir characteristics for different deposits. The method is 
most useful early in the life of the reservoir, before significant pro-
duction has occurred. 

The materials balance method for an oil field uses an equation 
that relates the volume of oil, water, the gas that has been produced 
from a reservoir, and the change in reservoir pressure to calculate 
the remaining oil. It assumes that as fluids from the reservoir are 
produced, there will be a change in the reservoir pressure that 
depends on the remaining volume of oil and gas. The method 
requires extensive pressure-volume-temperature analysis and an 
accurate pressure history of the field. It requires some production 
to occur (typically 5% to 10% of ultimate recovery), unless reliable 
pressure history can be used from a field with similar rock and fluid 
characteristics. 

The decline curve method uses production data to fit a decline 
curve and estimate future oil production. The three most common 
forms of decline curves are exponential, hyperbolic, and harmonic. 
It is assumed that the production will decline on a reasonably 
smooth curve, and so allowances must be made for shut-in wells 
and production restrictions. The curve can be expressed mathemat-
ically or plotted on a graph to estimate future production. It has the 
advantage of implicitly including all reservoir characteristics, and 
it requires a sufficient history to establish a statistically significant 
trend, ideally when production is not curtailed by regulatory or 
other artificial conditions. 

Generally, the initial estimates of the size of newly discovered 
oil fields are too low. As years pass, successive estimates of the ulti-
mate recovery of fields tend to increase. The term reserve growth 
refers to the typical increases in estimated ultimate recovery that 
occurs as oil fields are developed and produced. 

Reserve growth has now become an important part of estimating 
total potential reserves of an individual province or country. As the 
world's known petroleum reserves continue to decline, there will 
be more pressure on geologists and engineers in the oil industry to 
make the reserve estimates more precise through application of the 
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reserve-growth concept. In fact, the concept could be applied even 
to the undiscovered resources with some qualifications as to the 
inherent risk. 

The system of country production quotas was introduced in 
the 1980s, partly based on reserves levels, and there have been 
dramatic increases in reported reserves among OPEC producers. 
In 1983, Kuwait increased its proven reserves from 67 x 109 barrels 
to 92 x 109 barrels. In 1985-86, the United Arab Emirates almost 
tripled its reserves from 33 x 109 barrels to 97 x 109 barrels. Saudi 
Arabia raised its reported reserve number in 1988 by 50%. From 
2001 to 2002, Iran raised its proven reserves by some 30% to 130 x 109 

barrels, which advanced it to second place in reserves and ahead of 
Iraq. Iran denied accusations of a political motive behind the read-
justment, attributing the increase instead to a combination of new 
discoveries and improved recovery. No details were offered of how 
any of the upgrades were calculated, leaving doubt about the valid-
ity of these new reserve estimates (Campbell, 1977; Campbell and 
Laherrère, 1998). 

The sudden revisions in OPEC reserves, totaling nearly 300 x 109 

barrels, were surprising; this increase is partly defended by the shift 
in ownership of reserves away from international oil companies — 
some of whom were obliged to report reserves under conservative 
US Securities and Exchange Commission rules. 

All major OPEC oil producing countries increased their reserves 
considerably, despite the fact that there were no new corresponding 
discoveries reported in this period. The reason given for the re-eval-
uation of reserves was that the reserve assessments in the past were 
too low. This may be justifiable because before the nationalization 
of the oil industry in these countries, private companies perhaps 
had a tendency to under-report reserves for financial and politi-
cal reasons. In addition, OPEC production quotas are set according 
to reserves and also other factors which give an incentive for each 
country to defend their quota by keeping up with reserves. Such 
reserves are referred to some critics as political reserves in this con-
text (Zittel and Schindler, 2007). 

In any event, the revisions in official data had little to do with 
the actual discovery of new reserves. Total reserves in many OPEC 
countries hardly changed in the 1990s. Official reserves in Kuwait, 
for example, were unchanged at 96.5 x 109 barrels even though 
the country produced more than 8 x 109 barrels, and they did not 
make any important new discoveries during that period. The case 
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of Saudi Arabia is also striking, with proven reserves estimated at 
between 260 and 264 x 109 barrels in the past 18 years — a variation 
of less than 2%. 

2.6 Reserves 

Furthermore, it is very rare that petroleum (the exception being tar 
sand deposits) does not occur without an accompanying cover of 
gas (Figure 2.2). It is therefore important when describing reserves 
of petroleum to also acknowledge the occurrence, properties, 
and character of the gaseous material, more commonly known as 
natural gas. 

At present, oil supplies approximately 40% (natural gas is 25%) 
of the world's non-solar energy, and most future assessments indi-
cate that the demand for oil will increase substantially. Predictions 
of impending oil shortages are as old as the industry itself, and the 
literature is full of arguments between optimists and pessimists 
about how much oil there is and what other resources may be avail-
able. There are four factors that affect the economics of oil produc-
tion and its use that need to be understood to assess the availability 
of oil for the future: 

1. The quality of the reserves 
2. The quantity of the reserves 
3. The likely patterns of exploitation of the resource over 

time 
4. Those who derive benefits from the oil. 

The majority of crude oil reserves identified to date are located 
in a relatively small number of very large fields, known as giants. 
In fact, approximately three hundred of the largest oil fields contain 
almost 75% of the available crude oil. Although most of the world's 
nations produce at least minor amounts of oil, the primary con-
centrations are in Saudi Arabia, Russia, the United States (chiefly 
Texas, California, Louisiana, Alaska, Oklahoma, and Kansas), Iran, 
China, Norway, Mexico, Venezuela, Iraq, Great Britain, the United 
Arab Emirates, Nigeria, and Kuwait. The largest known reserves 
are in the Middle East. 

The defining feature of global energy markets remains high and 
volatile prices, reflecting a tight balance of supply and demand. 
This has put issues such as energy security, energy trade, and 
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alternative energies at the forefront of the political agenda world-
wide. At such a time, reliable data is an invaluable tool for decision 
makers and analysts both inside and outside the industry. World 
economic growth has faltered as a result of fluctuation in energy 
prices and the market turmoil that began in the summer of 2008 has 
continued and is likely to continue for the next year or so. 

The oil price has been on an upward path for more than six years 
and the hiccup of the current downward price spiral highlights the 
interconnected nature of the energy markets. In fact, it is only a 
matter of time before energy-consuming countries decide that the 
way around this is to produce energy from other sources. And, this 
has already commenced. Once this happens is a substantial way, 
OPEC will be at the mercy of the oil consumers. 

Crude oil reserves are generally taken to be those quantities that 
geological and engineering information indicates with reasonable 
certainty can be recovered in the future from known reservoirs 
under existing conditions, but which also include gas condensate 
and natural gas liquids (NGLs) as well as crude oil (BP, 2010). 
This data may not necessarily meet the definitions, guidelines, 
and practices used for determining proved reserves at company 
level as published by the US Securities and Exchange Commission 
(BP, 2010). 

The natural gas reserves estimates have been compiled using a 
combination of primary official sources and third party data from 
Cedigaz and the OPEC Secretariat, and, again, the data may not 
necessarily meet the definitions, guidelines, and practices used for 
determining proved reserves at company level as published by the 
US Securities and Exchange Commission (BP, 2010). 

2.6.1 Conventional Petroleum 

Petroleum is a naturally occurring mixture of hydrocarbons, gener-
ally in a liquid state, which may also include compounds of sulfur 
nitrogen oxygen metals and other elements (Chapter 1) (Hsu and 
Robinson, 2006; Speight, 2007a, 2011). 

Thus, petroleum and the equivalent term crude oil, cover a wide 
assortment of materials consisting of mixtures of hydrocarbons 
and other compounds containing variable amounts of sulfur, nitro-
gen, and oxygen, which may vary widely in specific gravity, API 
gravity, and the amount of residuum (Hsu and Robinson, 2006; 
Speight, 2007, 2011). Metal-containing constituents, notably those 
compounds that contain vanadium and nickel, usually occur in the 
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more viscous crude oils in amounts up to several thousand parts 
per million, and can have serious consequences during processing 
of these feedstocks. Because petroleum is a mixture of widely vary-
ing constituents and proportions, its physical properties also vary 
widely and the color varies from near colorless to black. 

At the time of writing, world crude oil reserves are on the order 
of 1.3 trillion barrels (1.3 x 1012 barrels) of which the United States 
has 28.4 billion barrels (28.4 x 109 barrels), or 2.1% of the total world 
reserves (BP, 2010). 

In the crude state petroleum has minimal value, but when refined 
it provides high-value liquid fuels, solvents, lubricants, and many 
other products. Crude petroleum can be separated into a variety of 
different generic fractions by distillation. And, the terminology of 
these fractions has been bound by utility and often bears little rela-
tionship to composition. 

The United States imports approximately 65% of its daily crude 
oil and crude oil product requirements. As recent events have 
shown, there seems to be little direction in terms of stability of sup-
ply or any measure of self-sufficiency in liquid fuels precursors, 
other than resorting to military action. This is particularly impor-
tant for the United States refineries because a disruption in supply 
could cause major shortfalls in feedstock availability. 

In keeping with the preferential use of lighter crude oil as well as 
the maturation effect in the reservoir, crude oil currently available to 
the refinery is somewhat different in composition and properties to 
those available approximately 50 years ago (Swain, 1991,1993,1997, 
2000). The current crude oils are somewhat heavier insofar as they 
have higher proportions of non-volatile (asphaltic) constituents. In 
fact, by the standards of yesteryear, many of the crude oils in use 
would have been classified as heavy feedstocks, bearing in mind 
that they may not approach the definitions used today for heavy 
crude oil. Changes in feedstock character, such as this tendency to 
heavier materials, require adjustments to refinery operations to han-
dle these heavier crude oils to reduce the amount of coke formed 
during processing and to balance the overall product slate. 

2.6.2 Natural Gas 

Natural gas is the gaseous mixture associated with petroleum 
reservoirs and is predominantly methane, but does contain other 
combustible hydrocarbon compounds as well as non-hydrocar-
bon compounds (Chapter 1) (Speight, 1993; Mokhatab et al, 2006; 
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Speight, 2007b). In fact, associated natural gas is believed to be the 
most economical form of ethane (Farry, 1998). Natural gas has no 
distinct odor and the main use is for fuel, but it can also be used to 
make chemicals and liquefied petroleum gas. 

At the time of writing, world natural gas reserves are on the 
order of 6.6 quadrillion cubic feet (6.6 x 1015 cubic feet), of which 
the United States has 244.7 trillion cubic feet (244.7 x 1012 cubic 
feet) or 3.7% of the total world reserves (BP, 2010). 

It should also be remembered that the total gas resource base, like 
any fossil fuel or mineral resource base, is dictated by economics. 
Therefore, when resource data is quoted, some attention must be 
given to the cost of recovering those resources. Most importantly, 
the economics must also include a cost factor that reflects the will-
ingness to secure total, or a specific degree of, energy independence. 

Two new and possibly large sources of methane that can be 
expected to extend the availability of natural gas are methane 
hydrates (also called gas hydrates) and coal bed methane (Berecz 
and Balla-Achs, 1983; Sloan, 1997; Gudmundsson et al, 1998; Max, 
2000; Sloan, 2000). Their production technologies have only recently 
been developed and these sources are now becoming economically 
competitive. 

Methane-rich gases are also produced by the anaerobic decay of 
non-fossil organic material and are referred to as biogas. Sources of 
biogas include swamps, marshes, and landfills, as well as sewage 
sludge and manure (Speight, 2008). 

Natural gas is a vital component of the world's supply of energy 
and it is one of the cleanest, safest, and most useful of all energy 
sources. However, it needs to be understood that the word gas has 
a variety of different uses, and meanings. Fuel for automobiles is 
also called gas (being a shortened version of gasoline) but that is 
a totally different fuel. The gas used in a barbecue grill is actually 
propane (C,Hg), which, while closely associated with and com-
monly found in natural gas and petroleum, is not really natural gas. 

2.6.3 Heavy Oil 

Thus, the generic term heavy oil is often applied inconsistently 
to petroleum that has an API gravity of less than 20°(Chapter 1). 
Other definitions classify heavy oil as having API gravity less than 
22°API, or less than 25°API, and usually, but not always, sulfur 
content higher than 2% by weight (Ancheyta and Speight, 2007). 
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Furthermore, in contrast to conventional crude oils, heavy oils are 
darker in color and may even be black. The term heavy oil has also 
been arbitrarily used to describe both the heavy oils that require 
thermal stimulation of recovery from the reservoir and the bitumen 
in bituminous sand (tar sand) formations from which the heavy 
bituminous material is recovered by a mining operation. 

The Western Hemisphere has 69% of the world's technically 
recoverable heavy oil and 82% of the technically recoverable nat-
ural bitumen (Meyer and Attanasi, 2003). In contrast, the Eastern 
Hemisphere has about 85% of the world's light oil reserves. 

On the assumption that heavy oil is oil with a gravity <20°API, 
the U.S. heavy oil resource approaches 100 billion barrels (100 x 109 

barrels) of original oil in-place (OOIP). The resource is concentrated 
in 248 large reservoirs, holding 80 billion barrels of OOIP, primar-
ily located in California, Alaska, and Wyoming. Numerous other 
states, such as Arkansas, Louisiana, Mississippi and Texas, con-
tain significant volumes of heavy oil. Some undeveloped heavy oil 
resources underlie public lands, including much of the heavy oil 
deposits in Alaska. 

The largest heavy oil accumulation is the Venezuelan Orinoco 
heavy-oil belt, which contains 90% of the world's heavy oil when 
measured on an in-place basis. In addition to extra-heavy Orinoco 
oil, South America has an estimated 40 billion barrels of technically 
recoverable heavy oil, so that, in total, 61% of the known techni-
cally recoverable heavy oil is in South America. Of the 35 billion 
barrels of heavy oil estimated to be technically recoverable in North 
America, about 7.7 billion barrels are assigned to known produc-
ing accumulations in the lower 48 States, and 7 billion barrels are 
assigned to the North Slope of Alaska. 

Current production of heavy oil is difficult to assess because of 
the loose definitions that are employed. Nevertheless, using API 
gravity as the guide, production of heavy oil in various countries 
has been calculated (Table 2.3). 

2.6.4 Tar Sand Bitumen 

Tar sands, also variously called oil sands or bituminous sands 
(Chapter 1), are loose-to-consolidated sandstone or a porous car-
bonate rock, impregnated with bitumen — a high boiling asphaltic 
material with an extremely high viscosity that is immobile under 
reservoir conditions and vastly different to conventional petroleum 
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Table 2.3 Production of heavy oil by country. 

Brazil 

Canada 

China 

Colombia 

Ecuador 

Egypt 

India 

Indonesia 

Iraq 

Mexico 

Oman 

Trinidad 

UK 

USA 

Venezuela 

Yemen 

API range 

11-20 

8-18 

12-20 

12-20 

14-20 

12-20 

15-17 

15-20 

18 

12-20 

15-20 

15-20 

11-20 

9-19 

17-20 

19-20 

Barrels/day x 1000 

250 

400* 

180 

80 

25 

55 

30 

35 

65 

340 

35 

55 

200 

320 

629 

15 

"Includes tar sand bitumen. 
Source: http://www.heavyoilinfo.com/blog-posts/world-wide-
heavy-oil-production/view 

(Chapter 1) (Speight, 1990,1997, 2008). It is therefore worth noting 
here the occurrence and potential supply of these materials. On an 
international note, the bitumen in tar sand deposits represents a 
potentially large supply of energy. However, many of the reserves 
are available only with some difficulty and that optional refinery 
scenarios will be necessary for conversion of these materials to 
liquid products because of the substantial differences in character 
between conventional petroleum and tar sand bitumen (Table 2.4). 
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Table 2.4 Comparison of the properties of Tar Sand Bitumen (Athabasca) 
with the properties of conventional crude oil. 

Property 

Specific gravity 

API gravity 

Viscosity, cp 

38°C/100°F 

100°C/212°F 

Pour point,°F 

Elemental analysis (wt. %): 

Carbon 

Hydrogen 

Nitrogen 

Oxygen 

Sulfur 

Ash 

Nickel (ppm) 

Vanadium (ppm) 

Composition wt. %) 

Asphaltenes (pentane) 

Resins 

Aromatics 

Saturates 

Carbon residue (wt. %) 

Conradson 

Bitumen 
(Athabasca) 

1.01-1.03 

5.8-8.6 

750,000 

11,300 

>50 

83.0 

10.6 

0.5 

0.9 

4.9 

0.8 

250 

100 

17.0 

34.0 

34.0 

15.0 

14.0 

Crude Oil 

0.85-0.90 

25-35 

<200 

ca. -20 

86.0 

13.5 

0.2 

<0.5 

<2.0 

0.0 

<10.0 

<10.0 

<10.0 

<20.0 

>30.0 

>30.0 

<10.0 
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Because of the diversity of available information and the con-
tinuing attempts to delineate the various world tar sand deposits, 
it is virtually impossible to present accurate numbers that reflect 
the extent of the reserves in terms of the barrel unit. Indeed, inves-
tigations into the extent of many of the world's deposits are con-
tinuing at such a rate that the numbers vary from one year to the 
next. Accordingly, the data quoted here must be recognized as 
approximate with the potential of being quite different at the time 
of publication. 

The bitumen in tar sand deposits is estimated to be at least, 
1.7 trillion barrels (1.7 x 1012 barrels) in the Canadian Athabasca 
tar sand deposits and 1.8 trillion barrels (1.8 x 1012 barrels) in the 
Venezuelan Orinoco tar sand deposits, compared to 1.75 trillion 
barrels (1.3 x 1012 barrels) of conventional oil worldwide, most of 
it in Saudi Arabia and other Middle Eastern countries. Eighty-one 
percent of the world known recoverable bitumen is in the Athabasca 
tar sands of Alberta, Canada. In addition, bitumen reserves under 
active development are also included in the official estimate of 
crude oil reserves for Canada. 

In spite of the high estimations of the reserves of bitumen, the 
two conditions of vital concern for the economic development of 
tar-sand deposits are the concentration of the resource, or the per-
cent bitumen saturation, and its accessibility, usually measured by 
the overburden thickness. Recovery methods are based either on 
mining combined with some further processing or operation on 
the oil sands in situ. The mining methods are applicable to shal-
low deposits, characterized by an overburden ratio (i.e. overburden 
depth to thickness of tar-sand deposit). For example, indications 
are that for the Athabasca deposit, no more than 15% of the in-place 
deposit is available within current concepts of the economics and 
technology of open-pit mining; this 10% portion may be considered 
as the proven reserves of bitumen in the deposit. 
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3 
Exploration, Recovery, 
and Transportation 

Recent variations in the price of petroleum and of petroleum prod-
ucts have once again raised controversy and public displeasure. 
The increasing and decreasing trends in oil prices will continue and 
consumers must face the problem of continued oil price variations 
and the inevitable economic problems they cause. Price increases 
cause economic hardship to the consumer, while price decreases 
may seem to be a form of relief to the consumer, but there is another 
often unseen cost: the elimination of jobs. 

With the estimated exhaustion of known oil reserves in about 30 
to 50 years, there may be fluctuations in prices and periods of price 
declines, but the overall upward trend is unlikely to be reversed. 
There is the possibility that higher oil prices make it economical 
to drill for more oil at a higher cost and thereby increase supplies. 
However, it is not always recognized by economists and technical 
persons alike that finding and producing new oil may require a gap 
of several years, during which time field development is proceed-
ing in a logical and non-wasteful manner. 

It must be recognized that it is not appropriate to deal with the 
issue of petroleum pricing as an isolated entity. Petroleum pricing 
is a summation of many variables and must be considered in the 
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light of total activities of the petroleum industry. This includes the 
processes of exploration, extraction, and transportation (as well as 
refining capacity, refining processes, and petroleum products such 
as gasoline, which are covered elsewhere; Chapter 6). Each can have 
an effect on crude oil prices. For example, higher prices can result in 
increased exploration and production both in the OPEC (oil export-
ing) nations and in the non-OPEC (oil importing) nations. 

On the supply side, the main effects on the crude oil market are 
the OPEC nations, which currently provide approximately 40% 
of the world supply and hold approximately 70% of the proven 
reserves. OPEC, as the marginal supplier, behaves as a cartel by 
aiming to maintain excess extraction capacity in order to influence 
crude oil prices. In recent years, the policy has been to balance the 
market while allowing for an appropriate level of crude oil invento-
ries in non-OPEC nations that,have relatively limited reserves and 
spare capacity. 

Even before the economics of crude oil pricing is decided, there 
are several aspects of petroleum technology that need to be taken 
into account and all make a contribution to the price of oil. In fact, 
crude oil prices behave much as any other commodity with wide 
price swings but which may, or may not, be due to shortage or 
oversupply. Indeed, the crude oil price cycle may extend over sev-
eral months or even over several years responding to changes in 
demand as well as supply. 

Many economists are not aware of the make-up of the indus-
try and, therefore, the means by which prices are set. On the other 
hand, the technical person may be aware of the processes used to 
discover and recover oil but may not be aware of the causes of price 
swings in the crude oil market and cannot appreciate the whole 
scenario of oil pricing. 

This chapter is designed to afford a non-technical explanation of 
the technical aspects of oil exploration and recovery and is intended 
for the technical and non-technical person alike. 

3.1 Exploration 

Exploration provides information about future exploration pros-
pects that can lead to revised expectations about the future value of 
the resource and generate new expected time paths for the resource 
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price and quantity extracted. For example, a firm may revise its 
expectations about the probability of successful exploration either 
upward or downward in response to information obtained from 
its current exploration. The generation of previously unanticipated 
information can alter the resource price, extraction, and exploration 
paths so that the observed price path deviates systematically from a 
deterministic calculation. The observed time paths for the resource 
price and in situ resource value may represent a combination of 
many different expected price paths rather than outcomes along 
one fully anticipated price path. 

Nevertheless, the demand for crude oil is at the highest point 
ever and it is getting higher. Exploration is continuing, but reser-
voirs are not being discovered with the same frequency that they 
were five decades ago (Chapter 8). Although there is a considerable 
amount of oil remaining in reservoirs in the United States, the oil 
is difficult and expensive to produce. Consequently, domestic oil 
production has fallen to an all-time low. 

Exploration for petroleum originated in the latter part of the 
19th century when geologists began to map land features to search 
out favorable places to drill for oil. Of particular interest to geolo-
gists were outcrops that provided evidence of alternating layers of 
porous and impermeable rock. The porous rock, typically a sand-
stone, limestone, or dolomite, provides the reservoir for the petro-
leum; the impermeable rock, typically clay or shale, acts as a trap 
and prevents migration of the petroleum from the reservoir. 

By the early part of the 20th century, most of the areas where sur-
face structural characteristics offered the promise of oil had been 
investigated and the era of subsurface exploration for oil began 
in the early 1920s (Forbes, 1958). New geological and geophysical 
techniques were developed for areas where the strata were not suf-
ficiently exposed to permit surface mapping of the subsurface char-
acteristics. In the 1960s, the development of geophysics provided 
methods for exploring below the surface of the earth. 

The type of exploration technique employed depends upon the 
nature of the site. In other words, and as for many environmen-
tal operations, the recovery techniques applied to a specific site 
are dictated by the nature of the site and are, in fact, site specific. 
For example, in areas where little is known about the subsurface, 
preliminary reconnaissance techniques are necessary to identify 
potential reservoir systems that warrant further investigation. 
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Once an area has been selected for further investigation, more 
detailed methods are brought into play. 

The principles used are basically magnetism (magnetometer), 
gravity (gravimeter), and sound waves (seismograph). These tech-
niques are based on the physical properties of materials that can be 
utilized for measurements and include those that are responsive 
to the methods of applied geophysics. Furthermore, the methods 
can be subdivided into those that focus on gravitational proper-
ties, magnetic properties, seismic properties, electrical properties, 
electromagnetic properties, properties, and radioactive properties. 
These geophysical methods can be subdivided into two groups: 
(1) those methods without depth control and (2) those methods 
having depth control. 

In the first group, the measurements incorporate spontaneous 
effects from both local and distant sources over which the observer 
has no control. For example, gravity measurements are affected by 
the variation in the radius of the earth with latitude. They are also 
affected by the elevation of the site relative to sea level, the thick-
ness of the earth's crust, and the configuration and density of the 
underlying rocks, as well as by any abnormal mass variation that 
might be associated with a mineral deposit. In the last stages of 
assessment, the interpretation always depends upon the geological 
knowledge of the interpreter. 

In the second group of measurements (those with depth con-
trol), seismic or electric energy is introduced into the ground and 
variations in transmissibility with distance are observed and inter-
preted in terms of geological quantities. Thus, depths to geologi-
cal horizons having marked differences in transmissibility can be 
computed on a quantitative basis and the physical nature of these 
horizons deduced. The accuracy, ease of interpretation, and appli-
cability of all methods falling into this group are not the same, and 
there are natural and economic conditions under which the mea-
surements of the first group are preferable for exploration studies 
despite their inherent limitations. 

However, it must be recognized that geophysical exploration 
techniques cannot be applied indiscriminately. Knowledge of the 
geological parameters likely to be associated with the mineral or 
subsurface condition being studied is essential both in choosing 
the method to be applied and in interpreting the results obtained. 
Furthermore, not all the techniques described here may be suitable 
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for petroleum exploration. Nevertheless, the techniques that are 
described here are included since it is valuable to know their nature 
and how they might be applied to subsurface exploration. 

It should also be noted that such terms as geophysical bore-
hole logging may imply the use of one or more of the geophysical 
exploration techniques. This procedure involves drilling a well and 
using instruments to log or make measurements at various levels in 
the hole by such means as gravity (density), electrical resistivity, or 
radioactivity. In addition, formation samples (cores) are taken for 
physical and chemical tests. 

Exploration is an economic activity and, like other economic 
activities, marginal benefit and marginal cost play a key role 
in determining how much exploration occurs. Expenditures 
on exploration and development reduce current profit with an 
expected return of adding valuable reserves for future exploi-
tation. The efficient level of exploration activity balances the 
expected marginal cost of exploration with the expected benefit 
of exploration. 

The expected marginal benefit of exploration is not just the dis-
covery and development of new reserves but comes from the dis-
covery of reserves whose cost of development and extraction is less 
than or equal to the cost of the reserves currently being depleted. 
In other words, the marginal value of new reserves equals the user 
cost of current resource depletion along an efficient time path of 
extraction and new reserve development. 

In addition, when reserves are allowed to vary with economic 
and technological conditions, the upward movement of prices may 
no longer hold. Depending on the degree to which current extrac-
tion costs are rising as a consequence of depletion and the cost 
of new reserve additions, including their user cost, it is possible 
for new discoveries to outstrip depletion. The ability to enlarge 
reserves through technological breakthroughs that increase recov-
erability and lower the costs of extraction from existing deposits, 
or make new deposits easier to find and access (lowering reserve 
replacement costs), likewise could exert downward pressure on 
prices, possibly for a long period of time. However, given the 
uncertainties surrounding the exploration process the assump-
tion that reserves are found on average in order of increasing cost 
and can be found in infinitely divisible amounts is a very serious 
oversimplification. 
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3.2 Drilling 

Drilling is the final stage of the exploratory program and is in fact 
the only method by which a petroleum reservoir can be conclusively 
identified. However, in keeping with the concept of site specificity, 
drilling may be the only option in some areas for commencement of 
the exploration program. The risk involved in the drilling operation 
depends upon previous knowledge of the site subsurface. Thus, 
there is the need to relate the character of the exploratory wells at a 
given site to the characteristics of the reservoir. 

Generally the first stage in the extraction of crude oil is to drill a 
well into the underground reservoir. Often many wells called mul-
tilateral wells will be drilled into the same reservoir, to ensure that 
the extraction rate will be economically viable. Also, some wells 
known as secondary wells may be used to pump water, steam, 
acids, or various gas mixtures into the reservoir to raise or maintain 
the reservoir pressure, and so maintain an economic extraction rate. 

Drilling for oil is a complex operation and has evolved consid-
erably over the past 100 years. The older cable tool method, used 
almost extensively until 1900, involves raising and dropping a 
heavy bit and drill stem attached by cable to a cantilever arm at 
the surface. It pulverizes the rock and earth, gradually forming 
the hole. The cable tool system is generally preferred only for pen-
etrating hard rock at shallow depths and when oil reservoirs are 
expected at the shallow depths. The weight of the column is usually 
enough to attain penetration but can be augmented by a hydraulic 
pressure cylinder at the surface. 

3.2.1 Preparing to Drill 

Once the site has been selected, it must be surveyed to determine 
its boundaries, and environmental impact studies may need to be 
performed. Lease agreements, titles, and right of way accesses for 
the land must be obtained and evaluated legally. For offshore sites, 
legal jurisdiction must be determined and drilling can only com-
mence when these issues have been settled. 

Once the land has been prepared, several holes must be dug to 
make way for the rig and the main hole. A rectangular pit, or cel-
lar, is dug around the location of the actual drilling hole. The cellar 
provides a workspace around the hole, for the workers and drilling 
accessories. The crew then begins drilling the main hole, often with 
a small drill truck rather than the main rig. The first part of the hole 
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is larger and shallower than the main portion, and is lined with a 
large-diameter conductor pipe. Additional holes are dug off to the 
side to temporarily store equipment after which the rig equipment 
can be brought in and set up. 

3.2.2 The Drilling Rig 

Depending upon the remoteness of the drill site and its access, 
equipment may be transported to the site by truck, helicop-
ter, or barge. Some rigs are built on ships or barges for work on 
inland water where there is no foundation to support a rig (as in 
marshes or lakes). Once the equipment is at the site, the rig is set 
up (Figure 3.1). 

Figure 3.1 Schematic of a drilling rig. 
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Although there are many variations in design, all modern 
rotary drilling rigs have essentially the same components 
(Figure 3.1). The hoisting, or draw works, raises and lowers 
the drill pipe and casing, which can weigh as much as 200 tons 
(200,000 kg). The height of the derrick depends on the number 
of joints of drill pipe to be withdrawn as a unit before being 
unscrewed. The rotary table located in the middle of the rig 
floor rotates the drill column. The table also gaps the drill stem 
when the hoist is disconnected and pipe sections are inserted or 
removed. It imparts rotary motion to the drill stem through the 
kelly attached to the upper end of the column. The kelly fits into 
a shaped hole in the center of the rotary table. The couplings 
between pipe sections are called tool joints. 

The drilling bit is connected to drill collars at the bottom of the 
stem. These are thick steel cylinders, 20 to 29 feet (6 to 9 meters) 
long; as many as 10 may be screwed together. They concentrate 
weight at the bottom of the column and exert tension on the more 
flexible pipe above, reducing the tendency of the hole to go off-
line and the drill pipe to fracture. Drill bits have many designs and 
the variations include the number of blades, type of metal, and 
shape of cutting or brading components. To alleviate the problem 
of dull wear-out or jamming, a mud-circulating system is one of 
the most important parts of a rig (Ranney, 1979). This system main-
tains the drilling mud in proper condition, free of rock cuttings or 
other abrasive materials that might cause problems with the drill-
ing operation, as well as retains the proper physical and chemical 
characteristics of the mud. 

3.2.3 Drilling 

Drilling an oil well is tedious and is often accompanied by diffi-
culties. Some problems result from formation penetration and 
the occurrence of high-pressure gas, fissures, or unexpected high 
pressures in permeable rock. Others result from metallurgical or 
mechanical failures in the bit, the drill stem, the draw works, or the 
mud system. Many tools and techniques have been developed to 
solve most problems; probably the best known is the fish used to 
recover broken bits. Another technique involves intentional devia-
tion of the borehole to avoid difficult formations, to go around an 
unrecoverable fish, or sometimes to restore the direction of the hole 
after an accidental deviation. 



EXPLORATION, RECOVERY, AND TRANSPORTATION 73 

When the pre-set depth is reached, the casing pipe section are run 
into the hole and cemented to prevent the hole from collapsing. The 
casing pipe has spacers around the outside to keep it centered in the 
hole. The cement is pumped down the casing pipe using a bottom 
plug, a cement slurry, a top plug, and drilling mud. The pressure 
from the drilling mud causes the cement slurry to move through the 
casing and fill the space between the outside of the casing and the 
hole. Finally, the cement is allowed to harden and then tested for 
such properties as hardness, alignment, and a proper seal. 

Drilling continues in stages and when the rock cuttings from the 
mud reveal the oil sand from the reservoir rock, the final depth may 
have been reached. At this point, the drilling apparatus is removed 
from the hole and tests are preformed to confirm that the final depth 
has been reached. 

New methods to drill for oil are continually being sought, includ-
ing directional or horizontal drilling techniques, to reach oil under 
ecologically sensitive areas, and using lasers to drill oil wells. 

Directional drilling is also used to reach formations and targets 
not directly below the penetration point or drilling from shore to 
locations under water. A controlled deviation may also be used 
from a selected depth in an existing hole to attain economy in drill-
ing costs. Various types of tools are used in directional drilling 
along with instruments to help orient their position and measure 
the degree and direction of deviation; two such tools are the whip-
stock and the knuckle joint. The whipstock is a gradually tapered 
wedge with a chisel-shaped base that prevents rotation after it 
has been forced into the bottom of an open hole. As the bit moves 
down, it is deflected by the taper about 5° from the alignment of the 
existing hole. 

Drilling does not end when production commences and contin-
ues after a field enters production. Extension wells must be drilled 
to define the boundaries of the crude oil pool. In-field wells are 
necessary to increase recovery rates, and service wells are used to 
reopen wells that have become clogged. Additionally, wells are 
often drilled at the same location but to different depths, to test 
other geological structures for the presence of crude oil. 

3.2.4 Well Completion 
Once the final depth has been reached, the well is completed 
to allow oil to flow into the casing in a controlled manner. 
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First, a perforating gun is lowered into the well to the production 
depth. The gun has explosive charges to create holes in the casing 
through which oil can flow. After the casing has been perforated, a 
small-diameter pipe (tubing) is run into the hole as a conduit for oil 
and gas to flow up the well and a packer is run down the outside of the 
tubing. When the packer is set at the production level, it is expanded 
to form a seal around the outside of the tubing. Finally, a multi-valve 
structure (the Christmas tree; Figure 3.2) is installed at the top of the 
tubing and cemented to the top of the casing. The Christmas tree 
allows them to control the flow of oil from the well. 

Tight formations are occasionally encountered and it becomes 
necessary to encourage flow. Several methods are used, one of 
which involves setting off small explosions to fracture the rock. If 
the formation is mainly limestone, hydrochloric acid is sent down 
the hole to dissolve channels in the rock. The acid is inhibited to 
protect the steel casing. In sandstone, the preferred method is 
hydraulic fracturing. 

A fluid with a viscosity high enough to hold coarse sand in 
suspension is pumped at very high pressure into the formation, 

Figure 3.2 The Christmas tree: A collection of control valves at the wellhead. 
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fracturing the rock. The grains of sand remain, helping to hold the 
cracks open. 

Thus, once the well is completed, the flow of oil into the well is 
commenced. For limestone reservoir rock, acid is pumped down 
the well and out the perforations. The acid dissolves channels in 
the limestone that lead oil into the well. For sandstone reservoir 
rock, a specially blended fluid containing proppants (sand, walnut 
shells, aluminum pellets) is pumped down the well and out the 
perforations. The pressure from this fluid makes small fractures in 
the sandstone that allow oil to flow into the well, while the prop-
pants hold these fractures open. Once the oil is flowing, the oil rig 
is removed from the site and production equipment is set up to 
extract the oil from the well. 

3.3 Recovery 

Recovery, as applied in the petroleum industry, is the production of 
oil from a reservoir. There are several methods by which this can be 
achieved that range from recovery due to reservoir energy (i.e. the oil 
flows from the well hole without assistance) to enhanced recovery 
methods in which considerable energy must be added to the reser-
voir to produce the oil. However, the effect of the method on the oil 
and on the reservoir must be considered before application. 

Generally, crude oil reservoirs exist with an overlying gas cap, 
in communication with aquifers, or both. The oil resides together 
with water and free gas in very small holes and fractures. If the 
underground pressure in the oil reservoir is sufficient, the oil will 
be forced to the surface under this pressure (primary recovery). 
Natural gas (associated natural gas) is often present, which also 
supplies needed underground pressure (primary recovery). In 
this situation it is sufficient to place an arrangement of valves (the 
Christmas tree) on the wellhead to connect the well to a pipeline 
network for storage and processing. The crude oil is typically col-
lected from individual wells by small pipelines. 

In some cases this pressure later diminishes so that the oil must 
be pumped from the well. Natural gas or water is sometimes 
pumped into the well to replace the oil that is withdrawn - this is 
often referred to as repressurizing the oil well. 

The anatomy of a reservoir is complex and is site specific, micro-
scopically and macroscopically. Because of the various types of 
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accumulations and the existence of wide ranges of both rock and 
fluid properties, reservoirs respond differently and must be treated 
individually. The size, shape, and degree of interconnection of the 
pores vary considerably from place to place in an individual res-
ervoir. Below the oil layer, the sandstone is usually saturated with 
salt water. The oil is released from this formation by drilling a well 
and puncturing the limestone layer on either side of the limestone 
dome or fold. If the peak of the formation is tapped, only the gas 
is obtained. If the penetration is made too far from the center, only 
salt water is obtained. 

Over the lifetime of the well the pressure will fall, and at some 
point there will be insufficient underground pressure to force the 
oil to the surface. Secondary oil recovery uses various techniques 
to aid in recovering oil from depleted or low-pressure reservoirs. 
Sometimes pumps, such as beam pumps (horse head pumps) and 
electrical submersible pumps are used to bring the oil to the surface. 
Other secondary recovery techniques increase the reservoir's pres-
sure by water injection, natural gas re-injection, and gas lift which 
injects air, carbon dioxide or some other gas into the reservoir. 

Enhanced oil recovery (tertiary oil recovery, EOR) relies on meth-
ods that reduce the viscosity of the oil to increase (Speight, 2009). 
Tertiary recovery is started when secondary oil recovery tech-
niques are no longer enough to sustain production. For example, 
thermally-enhanced oil recovery methods are recovery methods in 
which the oil is heated the oil and make it easier to extract; usually 
steam is used for heating the oil. 

Conventional primary and secondary recovery processes are 
ultimately expected to produce about one-third of the original oil 
discovered, although recovery (which is reservoir and oil depen-
dent) from individual reservoirs can range from less than 5% to as 
high as 80% of the original oil in place. This broad range of recov-
ery efficiency is a result of variations in the properties of the spe-
cific rock and fluids involved from reservoir to reservoir as well as 
the kind and level of energy that drives the oil to producing wells, 
where it is captured. 

Conventional oil production methods may be unsuccessful 
because the management of the reservoir was poor or because res-
ervoir heterogeneity has prevented the recovery of crude oil in an 
economical manner. Reservoir heterogeneity, such as fractures and 
faults, can cause reservoirs to drain inefficiently by conventional 
methods. Also, highly cemented or shale zones can produce barriers 
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to the flow of fluids in reservoirs and lead to high residual oil satu-
ration. Reservoirs containing crude oils with low API gravity often 
cannot be produced efficiently without application of enhanced oil 
recovery (EOR) methods because of the high viscosity of the crude 
oil. In some cases, the reservoir pressure was depleted prematurely 
by poor reservoir management practices to create reservoirs with 
low energy and high oil saturation. 

Recovery of oil when a well is first opened is usually by natural 
flow forced by the pressure of the gas or fluids that are contained 
within the deposit. There are several means that serve to drive 
the petroleum fluids from the formation, through the well, and to 
the surface, and these methods are classified as either natural or 
applied flow. 

3.3.1 Primary Recovery (Natural Methods) 

If the underground pressure in the oil reservoir is sufficient, then 
the oil will be forced to the surface under this pressure. Gaseous 
fuels or natural gas are usually present, which also supplies needed 
underground pressure. In this situation it is sufficient to place a 
complex arrangement of valves (the Christmas tree) at the well-
head to connect the well to a pipeline network for storage and pro-
cessing. This is called primary oil recovery. 

Thus, primary oil production (primary oil recovery) is the first 
method of producing oil from a well and depends upon natural res-
ervoir energy to drive the oil through the complex pore network to 
producing wells. If the pressure on the fluid in the reservoir is great 
enough, the oil flows into the well and up to the surface. Such driv-
ing energy may be derived from liquid expansion and evolution of 
dissolved gases from the oil as reservoir pressure is lowered during 
production, expansion of free gas, or a gas cap, influx of natural 
water, gravity, or combinations of these effects. 

Crude oil moves out of the reservoir into the well by one or more 
of three processes. These processes are: dissolved gas drive, gas 
cap drive, and water drive. Early recognition of the type of drive 
involved is essential to the efficient development of an oil field. 

In dissolved gas drive, the propulsive force is the gas in solu-
tion in the oil, which tends to come out of solution because of the 
pressure release at the point of penetration of a well. Dissolved gas 
drive is the least efficient type of natural drive as it is difficult to 
control the gas-oil ratio; the bottom-hole pressure drops rapidly, 
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and the total eventual recovery of petroleum from the reservoir 
may be less than 20%. 

If gas overlies the oil beneath the top of the trap, it is compressed 
and can be utilized to drive the oil into wells situated at the bottom 
of the oil-bearing zone. By producing oil only from below the gas 
cap, it is possible to maintain a high gas-oil ratio in the reservoir 
until almost the very end of the life of the pool. However, if the oil 
deposit is not systematically developed so that bypassing of the gas 
occurs, an undue proportion of oil is left behind. The usually recov-
ery of petroleum from a reservoir in a gas cap field is 40 to 50%. 

Usually the gas in a gas cap contains methane and other hydro-
carbons that may be separated out by compressing the gas. A well-
known example is natural gasoline that was formerly referred to as 
casinghead gasoline or natural gas gasoline. However, at high pres-
sures, such as those existing in the deeper fields, the density of the 
gas increases and the density of the oil decreases until they form a 
single phase in the reservoir. These are the so-called retrograde con-
densate pools because a decrease (instead of an increase) in pres-
sure brings about condensation of the liquid hydrocarbons. When 
this reservoir fluid is brought to the surface and the condensate is 
removed, a large volume of residual gas remains. The modern prac-
tice is to cycle this gas by compressing it and inject it back into the 
reservoir, thus maintaining adequate pressure within the gas cap, 
and condensation in the reservoir is prevented. Such condensation 
prevents recovery of the oil, for the low percentage of liquid satura-
tion in the reservoir precludes effective flow. 

The most efficient propulsive force in driving oil into a well is 
natural water drive, in which the pressure of the water forces the 
lighter recoverable oil out of the reservoir into the producing wells. 
In anticlinal accumulations, the structurally lowest wells around 
the flanks of the dome are the first to come into water. Then the oil-
water contact plane moves upward until only the wells at the top 
of the anticline are still producing oil; eventually these also must be 
abandoned as the water displaces the oil. 

In a water drive field, it is essential that the removal rate be 
adjusted so that the water moves up evenly as space is made avail-
able for it by the removal of the hydrocarbons. An appreciable 
decline in bottom-hole pressure is necessary to provide the pres-
sure gradient required to cause water influx. The pressure differ-
ential needed depends on the reservoir permeability; the greater 
the permeability, the less the difference in pressure necessary. 
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The recovery of petroleum from the reservoir in properly operated 
water drive pools may run as high as 80%. The force behind the 
water drive may be hydrostatic pressure, the expansion of the res-
ervoir water, or a combination of both. Water drive is also used in 
certain submarine fields. 

Gravity drive is an important factor when oil columns of sev-
eral thousands of feet exist, as they do in some North American 
fields. Furthermore, the last bit of recoverable oil is produced in 
many pools by gravity drainage of the reservoir. Another source 
of energy during the early stages of withdrawal from a reservoir 
containing under-saturated oil is the expansion of that oil as the 
pressure reduction brings the oil to the bubble point (the pressure 
and temperature at which the gas starts to come out of solution). 

For primary recovery operations, no pumping equipment is 
required. If the reservoir energy is not sufficient to force the oil to 
the surface, then the well must be pumped. In either case, noth-
ing is added to the reservoir to increase or maintain the reservoir 
energy or to sweep the oil toward the well. The rate of production 
from a flowing well tends to decline as the natural reservoir energy 
is expended. When a flowing well is no longer producing at an effi-
cient rate, a pump is installed. 

The recovery efficiency for primary production is generally low 
when liquid expansion and solution gas evolution are the driving 
mechanisms. Much higher recoveries are associated with reservoirs 
with water and gas cap drives and with reservoirs in which grav-
ity effectively promotes drainage of the oil from the rock pores. 
The overall recovery efficiency is related to how the reservoir is 
delineated by production wells. Thus, for maximum recovery by 
primary recovery, it is often preferable to sink several wells into a 
reservoir, thereby bringing about recovery by a combination of the 
methods outlined here. 

3.3.2 Secondary Recovery 

Over the lifetime of the well, the pressure will fall, and at some 
point there will be insufficient underground pressure to force the 
oil to the surface. If economical, and it often is, the remaining oil in 
the well is extracted using secondary oil recovery methods. It is at 
this point that secondary recovery methods must be applied. 

Secondary oil recovery methods use various techniques to aid in 
recovering oil from depleted or low-pressure reservoirs. Sometimes 
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pumps on the surface or submerged (electrical submersible pumps, 
ESPs), are used to bring the oil to the surface. Other secondary 
recovery techniques increase the reservoir's pressure by water 
injection and gas injection, which injects air or some other gas into 
the reservoir are used. 

Together, primary recovery and secondary recovery allow 25% 
to 35% of the reservoir's oil to be recovered. 

Primary (or conventional) recovery can leave as much as 70% 
of the petroleum in the reservoir. Thus, there are two main objec-
tives in secondary crude oil production: (1) to supplement the 
depleted reservoir energy pressure and (2) to sweep the crude oil 
from the injection well toward and into the production well. In fact, 
secondary oil recovery involves the introduction of energy into a 
reservoir to produce more oil. For example, the addition of mate-
rials to reduce the interfacial tension of the oil results in a higher 
recovery of oil. 

The most common follow-up, or secondary recovery, operations 
usually involve the application of pumping operations or of injec-
tion of materials into a well to encourage movement and recovery 
of the remaining petroleum. The pump, generally known as the 
horsehead pump or the sucker rod pump (Figure 3.3), provides 
mechanical lift to the fluids in the reservoir. The most commonly 
recognized oil-well pump is the reciprocating or plunger pump-
ing equipment (also called a sucker-rod pump), which is easily 
recognized by the horsehead beam pumping jacks. A pump bar-
rel is lowered into the well on a string of 6 inch (inner diameter) 
steel rods known as sucker rods. The up-and-down movement of 
the sucker rods forces the oil up the tubing to the surface. A walk-
ing beam powered by a nearby engine may supply this vertical 

Figure 3.3 The horsehead pump. 
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movement, or it may be brought about through the use of a pump 
jack, which is connected to a central power source by means of 
pull rods. Electrically powered centrifugal pumps and submersible 
pumps — both pump and motor are in the well at the bottom of the 
tubing — have proven their production capabilities in numerous 
applications. 

There are also secondary oil recovery operations that involve 
the injection of water or gas into the reservoir. When water is used 
the process is called a waterflood; with gas, the process is called a 
gasflood. Separate wells are usually used for injection and produc-
tion. The injected fluids maintain reservoir pressure or re-pressure 
the reservoir after primary depletion and displace a portion of the 
remaining crude oil to production wells. In fact, the first method 
recommended for improving the recovery of oil was probably the 
re-injection of natural gas, and there are indications that gas injec-
tion was utilized for this purpose before 1900 (Craft and Hawkins, 
1959; Frick, 1962). These early practices were implemented to 
increase the immediate productivity and are therefore classified 
as pressure maintenance projects. Recent gas injection techniques 
have been devised to increase the ultimate recovery, thus qualify-
ing as secondary recovery projects. 

In secondary recovery, the injected fluid must dislodge the oil 
and propel it toward the production wells. Reservoir energy must 
also be increased to displace the oil. Using techniques such as gas 
and water injection, there is no change in the state of oil. Similarly, 
there is no change in the state of the oil during miscible fluid dis-
placement technologies. The analogy that might be used is that of 
a swimmer in which there is no change to the natural state of the 
human body. 

Thus, the success of secondary recovery processes depends on 
the mechanism by which the injected fluid displaces the oil (dis-
placement efficiency) and on the volume of the reservoir that the 
injected fluid enters (conformance or sweep efficiency). In most 
proposed secondary projects, water does both these things more 
effectively than gas. It must be decided if the use of gas offers any 
economic advantages because of availability and relative ease 
of injection. In reservoirs with high permeability and high verti-
cal span, the injection of gas may result in high recovery factors 
as a result of gravity segregation, as described in a later section. 
However, if the reservoir lacks either adequate vertical perme-
ability or the possibility for gravity segregation, a frontal drive 
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similar to that used for water injection can be used (dispersed gas 
injection). Thus, dispersed gas injection is anticipated to be more 
effective in reservoirs that are relatively thin and have little dip. 
Injection into the top of the formation or into the gas cap is more 
successful in reservoirs with higher vertical permeability (200 md 
or more) and enough vertical relief to allow the gas cap to displace 
the oil downward. 

During the withdrawal of fluids from a well, it is usual practice 
to maintain pressures in the reservoir at or near the original levels 
by pumping either gas or water into the reservoir as the hydrocar-
bons are withdrawn. This practice has the advantage of retarding 
the decline in the production of individual wells and considerably 
increasing the ultimate yield. It also may bring about the conserva-
tion of gas that otherwise would be wasted, and the disposal of 
brines that otherwise might pollute surface and near-surface pota-
ble waters. 

Water injection is still predominantly a secondary recovery pro-
cess — waterflood. Probably the principal reason for this is that 
reservoir formation water is ordinarily not available in volume dur-
ing the early years of an oil field and pressure maintenance water 
from outside the field may be too expensive. When a young field 
produces considerable water, it may be injected back into the reser-
voir primarily for the purpose of nuisance abatement, but reservoir 
pressure maintenance is a valuable by-product. 

Nevertheless, some passages in the formation are larger than 
others, and the water tends to flow freely through these, bypassing 
smaller passages where the oil remains. A partial solution to this 
problem is possible by miscible fluid flooding. Liquid butane and 
propane are pumped into the ground under considerable pressure, 
dissolving the oil and carrying it out of the smaller passages; addi-
tional pressure is obtained by using natural gas. 

3.3.3 Enhanced Oil Recovery 

Enhanced oil recovery (tertiary oil recovery) is the incremental 
ultimate oil that can be recovered from a petroleum reservoir over 
oil that can be obtained by primary and secondary recovery meth-
ods (Speight, 2009). In fact, certain reservoir types, such as those 
with very viscous crude oils and some low-permeability carbonate 
(limestone, dolomite, or chert) reservoirs, respond poorly to con-
ventional secondary recovery techniques. 
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In these reservoirs it is desirable to initiate enhanced oil recov-
ery (EOR) operations as early as possible. This may mean consider-
ably abbreviating conventional secondary recovery operations or 
bypassing them altogether. Thermal floods using steam and con-
trolled in situ combustion methods are also used. Thermal meth-
ods of recovery reduce the viscosity of the crude oil by heat so that 
it flows more easily into the production well. Thus tertiary tech-
niques are usually variations of secondary methods with a goal of 
improving the sweeping action of the invading fluid. 

Enhanced oil recovery methods are designed to reduce the vis-
cosity of the crude oil (i.e. to reduce the pour point of the crude oil 
relative to the temperature of the reservoir), thereby increasing oil 
production. Enhanced oil recovery methods are applied started 
when secondary oil recovery techniques are no longer enough to 
sustain production. The oil remaining after conventional recovery 
operations is retained in the pore space of reservoir rock at a lower 
concentration than originally existed. In portions of the reservoir that 
have been contacted or swept by the injection fluid, the residual oil 
remains as droplets (or ganglia) trapped in either individual pores or 
clusters of pores. It may also remain as films partly coating the pore 
walls. Entrapment of this residual oil is predominantly due to capil-
lary and surface forces and to geometry of the pore systems. 

Enhanced oil recovery processes use thermal, chemical, or fluid 
phase behavior effects to reduce or eliminate the capillary forces 
that trap oil within pores, to thin the oil or otherwise improve its 
mobility or to alter the mobility of the displacing fluids (Speight, 
2009). In some cases, the effects of gravity forces, which ordinar-
ily cause vertical segregation of fluids of different densities, can be 
minimized or even used to advantage. The various processes dif-
fer considerably in complexity, the physical mechanisms respon-
sible for oil recovery, and the amount of experience that has been 
derived from field application. The degree to which the enhanced 
oil recovery methods are applicable in the future will depend on 
development of improved process technology. It will also depend 
on improved understanding of fluid chemistry, phase behavior, 
and physical properties; and on the accuracy of geology and reser-
voir engineering in characterizing the physical nature of individual 
reservoirs (Borchardt and Yen, 1989). 

Thermal methods for oil recovery have found most use when the 
oil in the reservoir has a high viscosity. For example, heavy oil is 
usually highly viscous with a viscosity ranging from approximately 
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100 centipoises to several million centipoises at the reservoir con-
ditions (Figure 3.4). In addition, oil viscosity is also a function of 
temperature and API gravity (Speight, 2000). These processes add 
heat to the reservoir to reduce oil viscosity and /or to vaporize the 
oil. In both instances, the oil is made more mobile so that it can be 
more effectively driven to producing wells. In addition to adding 
heat, these processes provide a driving force to move oil to produc-
ing wells. 

Thermal recovery methods include cyclic steam injection; steam 
flooding, and in situ combustion. The steam processes are the 
most advanced of all enhanced oil recovery methods in terms of 
field experience and thus have the least uncertainty in estimating 
performance, provided that a good reservoir description is avail-
able. Steam processes are most often applied in reservoirs contain-
ing viscous oils and tars, usually in place of rather than following 
secondary or primary methods. Commercial application of steam 

Figure 3.4 Variation of petroleum, heavy oil, and tar sand bitumen viscosity with 
temperature. 
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processes has been underway since the early 1960s. In situ combus-
tion has been field tested under a wide variety of reservoir condi-
tions, but few projects have proven economical and advanced to 
commercial scale. 

Cyclic steam injection (steam soak, huff 'n' puff) is the alter-
nating injection of steam and production of oil with condensed 
steam from the same well or wells. A cyclic steam injection process 
includes three stages. In the first stage is injection, during which 
a measured amount of steam is introduced into the reservoir. In 
the second stage (the soak period) requires that the well be shut in 
for a period of time of usually several days to allow uniform heat 
distribution to reduce the viscosity of the oil, alternatively, to raise 
the reservoir temperature above the pour point of the oil. Finally, 
during the third stage, the now-mobile oil is produced through the 
same well. The cycle is repeated until the flow of oil diminishes to 
a point of no returns. 

In situ combustion is normally applied to reservoirs containing 
low-gravity oil but has been tested over perhaps the widest spec-
trum of conditions of any enhanced oil recovery process. In the 
process, heat is generated within the reservoir by injecting air and 
burning part of the crude oil. This reduces the oil viscosity and par-
tially vaporizes the oil in place, and the oil is driven out of the reser-
voir by a combination of steam, hot water, and gas drive. Forward 
combustion involves movement of the hot front in the same direc-
tion as the injected air. Reverse combustion involves movement of 
the hot front opposite to the direction of the injected air. 

The relatively small portion of the oil that remains after these 
displacement mechanisms have acted becomes the fuel for the in 
situ combustion process. Production is obtained from wells offset-
ting the injection locations. In some applications, the efficiency 
of the total in situ combustion operation can be improved by 
alternating water and air injection. The injected water tends to 
improve the utilization of heat by transferring heat from the rock 
behind the combustion zone to the rock immediately ahead of the 
combustion zone. 

In modified in situ extraction processes, combinations of in situ 
and mining techniques are used to access the reservoir. A portion 
of the reservoir rock must be removed to enable application of the 
in situ extraction technology. The most common method is to enter 
the reservoir through a large-diameter vertical shaft, excavate hori-
zontal drifts from the bottom of the shaft, and drill injection and 
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production wells horizontally from the drifts. Thermal extraction 
processes are then applied through the wells. When the horizontal 
wells are drilled at or near the base of the tar sand reservoir, the 
injected heat rises from the injection wells through the reservoir, 
and drainage of produced fluids to the production wells is assisted 
by gravity. 

3.4 Bitumen Recovery 

In the case of tar sand bitumen, the alternative to in situ pro-
cessing is to mine the tar sands, transport them to a process-
ing plant, extract the bitumen value, and dispose of the waste 
sand. Such a procedure is often referred to as oil mining. This 
is the term applied to the surface or subsurface excavation of 
petroleum-bearing formations for subsequent removal of the 
heavy oil or bitumen by washing, flotation, or retorting treat-
ments. Oil mining also includes recovery of heavy oil by drain-
age from reservoir beds to mine shafts or other openings driven 
into the rock, or by drainage from the reservoir rock into mine 
openings driven outside the tar sand but connected with it by 
bore holes or mine wells. 

The API gravity of tar sand bitumen is usually less than 10° 
depending upon the deposit, and whereas conventional crude 
oils may have a viscosity of several poise (at 40°C, 105°F), the tar 
sand bitumen has a viscosity of the order of 50,000 centipoises to 
1,000,000 centipoises or more at formation temperatures (approxi-
mately 0°C to 10°C, 32°F to 50°F depending upon the season). This 
offers a formidable but not insurmountable obstacle to bitumen 
recovery. 

3.4.1 Mining Methods 
The mining method of recovery has received considerable atten-
tion since it was chosen as the technique of preference for the only 
two commercial bitumen recovery plants in operation in North 
America. In situ processes have been tested many times in the 
United States, Canada, and other parts of the world and are ready 
for commercialization. There are also conceptual schemes that are 
a combination of both mining (above-ground recovery) and in situ 
(non-mining recovery) methods. 
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Surface mining is the mining method that is currently being 
used by Suncor Energy and Syncrude Canada Limited to recover 
oil sand from the ground. Surface mining can be used in mineable 
oil sand areas which lie under 75 meters (250 feet) or less of over-
burden material. Only 7% of the Athabasca Oil Sands deposit can 
be mined using the surface mining technique, as the other 93% of 
the deposit has more than 75 meters of overburden. This other 93% 
will have to be mined using different mining techniques. 

The first step in surface mining is the removal of muskeg and 
overburden. Muskeg is a water-soaked area of decaying plant mate-
rial that is one to three meters thick and lies on top of the overbur-
den material. Before the muskeg can be removed it must be drained 
of its water content. The process can take up to three years to com-
plete. Once the muskeg has been drained and removed, the over-
burden must also be removed. Overburden is a layer of clay, sand, 
and silt that lies directly above the oil sands deposit. Overburden is 
used to build dams and dykes around the mine and will eventually 
be used for land reclamation projects. When all of the overburden is 
removed, the oil sand is exposed and is ready to be mined. 

There are two methods of mining currently in use in the Athabasca 
Oil Sands. Suncor Energy uses the truck-and-shovel method of min-
ing whereas Syncrude uses the truck and shovel method of mining, 
as well as draglines and bucket-wheel reclaimers. These enormous 
draglines and bucket-wheels are being phased out and soon will 
be completely replaced with large trucks and shovels. The shovel 
scoops up the oil sand and dumps it into a heavy hauler truck. The 
heavy hauler truck takes the oil sand to a conveyor belt that trans-
ports the oil sand from the mine to the extraction plant. 

Tar sand, as mined commercially in Canada, contains an average of 
10 to 12% bitumen, 83 to 85% mineral matter and 4 to 6% water. A film 
of water coats most of the mineral matter, and this property permits 
extraction by the hot-water process, which is, to date, the only suc-
cessful commercial process to be applied to bitumen recovery from 
mined tar sands in North America (Speight, 2008). Many process 
options have been tested with varying degrees of success and one of 
these options may even supersede the hot water process. 

In the hot water extraction process, the tar sand feed is intro-
duced into a conditioning drum. In this step the oil sand is heated, 
mixed water, and agglomeration of the oil particles begins. The 
conditioning is carried out in a slowly rotating drum that contains 
a steam-sparging system for temperature control as well as mixing 
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devices to assist in lump size reduction and a size ejector at the 
outlet end. 

One of the economic issues that arises from the hot water process 
is the disposal and control of the tailings. The fact is that each ton 
of oil sand in place has a volume of about 16 cubic feet, which will 
generate about 22 cubic feet of tailings giving a volume gain on the 
order of 40%. If the mine produces about 200,000 tons of oil sand 
per day, the volume expansion represents a considerable solids dis-
posal problem. 

3.4.2 Non-Mining Methods 

In principle, the non-mining recovery of bitumen from tar sand 
deposits is an enhanced recovery technique and requires the injec-
tion of a fluid into the formation through an injection wall. This 
leads to the in situ displacement of the bitumen from the recovery 
and bitumen production at the surface through an egress (produc-
tion well). However, there are several serious constraints that are 
particularly important and relate to bulk properties of the tar sand 
and the bitumen. In fact, both must be considered in toto in the con-
text of bitumen recovery by non-mining techniques. For example, 
such processes need a relatively thick layer of overburden to con-
tain the driver substance within the formation between injection 
and production wells. 

One of the major deficiencies in applying mining techniques to 
bitumen recovery from tar sand deposits is (next to the immediate 
capital costs) the associated environmental problems. Moreover, in 
most of the known deposits, the vast majority of the bitumen lies 
in formations in which the overburden/pay zone ratio is too high. 
Therefore, it is not surprising that over the last two decades a con-
siderable number of pilot plants have been applied to the recovery 
of bitumen by non-mining techniques from tar sand deposits where 
the local terrain and character of the tar sand may not always favor 
a mining option. 

The steam processes are the most advanced of all enhanced oil 
recovery methods in terms of field experience and thus have the 
least uncertainty in estimating performance, provided that a good 
reservoir description is available. Steam processes are most often 
applied in reservoirs containing viscous oils and tars, usually in 
place of rather than following secondary or primary methods. 
Commercial application of steam processes has been underway 
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since the early 1960s. In situ combustion has been field tested under 
a wide variety of reservoir conditions, but few projects have proven 
economical and advanced to commercial scale. 

Other variations on this theme include the use of steam and the 
means of reducing interfacial tension by the use of various sol-
vents. The solvent extraction approach has had some success when 
applied to bitumen recovery from mined tar sand but when applied 
to unmined material, losses of solvent and bitumen are always a 
major obstacle. This approach should not be rejected out of hand 
because a novel concept may arise that guarantees minimal but 
acceptable losses of bitumen and solvent. 

In situ combustion is normally applied to reservoirs containing 
low-gravity oil but has been tested over perhaps the widest spec-
trum of conditions of any enhanced oil recovery process. In the 
process, heat is generated within the reservoir by injecting air and 
burning part of the crude oil. This reduces the oil viscosity and par-
tially vaporizes the oil in place, and the oil is driven out of the reser-
voir by a combination of steam, hot water, and gas drive. Forward 
combustion involves movement of the hot front in the same direc-
tion as the injected air; reverse combustion involves movement of 
the hot front opposite to the direction of the injected air. 

Finally, by all definitions, the quality of the bitumen from tar 
sand deposits is poor as a refinery feedstock. As in any field in 
which primary recovery operations are followed by secondary 
or enhanced recovery operations and there is a change in prod-
uct quality, such is also the case for tar sand recovery operations. 
Thus, product oils recovered by the thermal stimulation of tar sand 
deposits show some improvement in properties over those of the 
bitumen in-place. 

Although this improvement in properties may not appear to 
be too drastic, nevertheless it usually is sufficient to have major 
advantages for refinery operators. Any incremental increase in the 
units of hydrogen/carbon ratio can save amounts of costly hydro-
gen during upgrading. The same principles are also operative for 
reductions in the nitrogen, sulfur, and oxygen contents. 

Many innovative concepts in heavy oil production have been 
developed and several major new technologies have positively 
affected the heavy oil industry in the last 10 years. 

Steam assisted gravity drainage (SAGD) was developed first 
in Canada for reservoirs where the immobile bitumen occurs and 
uses paired horizontal wells. Low-pressure steam continuously 
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injected through the upper well, creates a steam chamber along 
the walls of which the heated bitumen flows and is produced in 
the lower well. 

Several variations of this process have been developed. One vari-
ation uses a single horizontal well, with steam injection through a 
central pipe and production along the annulus. Another variation 
involves steam injection through existing vertical wells and pro-
duction through an underlying horizontal well. The key benefits of 
the SAGD process are an improved steam-oil ratio and high ulti-
mate recovery (on the order of 60 to 70%). The outstanding techni-
cal issues relate to low initial oil rate, artificial lifting of bitumen 
to the surface, horizontal well operation and the extrapolation of 
the process to reservoirs having low permeability, low pressure or 
bottom water. 

Heat generation is a major economic constraint on all thermal 
processes. Currently, steam is generated with natural gas, and 
when the cost of natural gas rises, operating costs rise considerably. 
Thermally, SAGD is about twice as efficient as cyclic steam stimula-
tion, with steam-oil ratios that are now approaching two (instead 
of four for cyclic steam soak), for similar cases. Combined with the 
high recovery ratios possible, SAGD will likely displace pressure-
driven thermal process in all cases where the reservoir is reason-
ably thick. 

Vapor-assisted petroleum extraction (VAPEX) is a new process 
in which the physics of the process are essentially the same as for 
SAGD and the configuration of wells is generally similar. The pro-
cess involves the injection of vaporized solvents such as ethane or 
propane to create a vapor-chamber through which the oil flows due 
to gravity drainage (Butler and Mokrys, 1991; United States Patent 
5,407,009; United States Patent 5,607,016. 1995; Butler and Jiang, 
2000). The process can be applied in paired horizontal wells, single 
horizontal wells or a combination of vertical and horizontal wells. 
The key benefits are significantly lower energy costs, potential for 
in situ upgrading and application to thin reservoirs, with bottom 
water or reactive mineralogy. 

VAPEX can be used in conjunction with SAGD methods. A key 
factor is the generation of a three-phase system with a continuous 
gas phase so that as much of the oil as possible can be contacted 
by the gaseous phases, generating the thin oil film drainage mech-
anism. Vertical permeability barriers are a problem, and must be 
overcome through hydraulic fracturing to create vertical permeable 



EXPLORATION, RECOVERY, AND TRANSPORTATION 91 

channels, or undercut by lateral growth of the chamber beyond the 
lateral extent of the limited barrier, or baffle. 

Microbial enhanced oil recovery (MEOR) processes involve the 
use of reservoir microorganisms or specially selected natural bacte-
rial to produce specific metabolic events that lead to enhanced oil 
recovery (Speight, 2009). 

Microbial enhanced oil recovery differs from chemical enhanced 
oil recovery in the method by which the enhancing products are 
introduced into the reservoir. However, even though microbes 
produce the necessary chemical reactions in situ whereas surface 
injected chemicals may tend to follow areas of higher permeability, 
resulting in decreased sweep efficiency, there is need for caution 
and astute observation of the effects of the microorganisms on the 
reservoir chemistry. The mechanism by which microbial enhanced 
oil recovery processes work can be quite complex and may involve 
multiple biochemical processes. 

3.5 Transportation 

Most oil fields are a considerable distance from the refineries that 
convert crude oil into usable products, and therefore the oil must 
be transported in pipelines and tankers (Figure 3.5). However, 
most crude oil needs some form of treatment near the reservoir 

Field Refinery 
1 km to 20000 km 
Oil transport -*-

Options: 1. "-\ y~* 

- Buried land and/or underwater pipelines 

r 
Γ^_£=, 
■ Crude oil tanker, VLCC (very large crude carrier) 
• Liquefied petroleum gas (LPG) tanker 

3. 

- Road, rail or barge transport. 

Figure 3.5 Petroleum transportation. 
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before it can be carried considerable distances through the pipe-
lines or in the tankers. Railroad cars and motor vehicles are also 
used to a large extent for the transportation of petroleum products. 

Fluids produced from a well are seldom pure crude oil. In fact, 
the oil often contains quantities of gas, saltwater, or even sand. 
Separation must be achieved before transportation. Separation and 
cleaning usually take place at a central facility that collects the oil 
produced from several wells. Gas can be separated conveniently 
at the wellhead. When the pressure of the gas in the crude oil as it 
comes out at the surface is not too great, a simple flow tank fitted 
with baffles can be used to separate the gas from the oil at atmo-
spheric pressure. If a considerable amount of gas is present, par-
ticularly if the crude oil is under considerable pressure, a series 
of flow tanks is necessary. The natural gas itself may contain as 
impurities one or more non-hydrocarbon substances. The most 
abundant of these impurities is hydrogen sulfide, which imparts a 
noticeable odor to the gas. A small amount of this compound, or an 
equally odiferous derivative, is considered advantageous as it gives 
an indication of leaks and where they occur, (Mokhatab et al., 2006). 

Another step that needs to be taken in the preparation of crude 
oil for transportation is the removal of excessive quantities of water. 
Crude oil at the wellhead usually contains emulsified water in pro-
portions that may reach amounts approaching 80 to 90%. It is gen-
erally required that crude oil to be transported by pipeline contain 
substantially less water than may appear in the crude at the well-
head. In fact, water contents from 0.5 to 2.0% have been specified 
as the maximum tolerable amount in a crude oil to be moved by 
pipeline. It is therefore necessary to remove the excess water from 
the crude oil before transportation. 

In an emulsion, the globules of one phase are usually surrounded 
by a thin film of an emulsifying agent that prevents them from con-
gregating into large droplets. In the case of an oil-water emulsion, 
the emulsifying agent may be part of the heavier (asphaltic) more 
polar constituents. The film may be broken mechanically, electri-
cally, or by the use of demulsifying agents and the proportion of 
water in the oil reduced to the specified amounts, thereby tender-
ing the crude oil suitable for transportation. 

The transportation of crude oil may be further simplified by 
blending crude oils from several wells, thereby homogenizing 
the feedstock to the refinery. It is usual practice, however, to 
blend crude oils of similar characteristics although fluctuations in 
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the properties of the individual crude oils may cause significant 
variations in the properties of the blend over a period of time. 
However, the technique of blending several crude oils before 
transportation, or even after transportation but before refining, 
may eliminate the frequent need to change the processing condi-
tions that would perhaps be required to process each of the crude 
oils individually. 

The arrival of large quantities of petroleum oil at import and 
refining centers has brought about the need for storage facilities. 
The usual form of crude oil storage is the collection of large cylin-
drical steel storage tanks (tank farm) that are a familiar sight at most 
refineries and shipping terminals. The tanks vary in size, but some 
are capable of holding up to 950,000 barrels of oil. Crude oil may 
also be stored in such geological features as salt domes. The domes 
have been previously leached or hollowed out into huge under-
ground caves, such as those used by the US Strategic Petroleum 
Reserve in Louisiana and Texas. Other underground storage facili-
ties include disused coal mines and artificial caverns. Natural gas 
is, on occasion, stored in old reservoirs from which the gas has been 
recovered. The gas is pumped under pressure into the reservoir at 
times of low gas demand so that it can be retrieved later to meet 
peak demand. 

Pipelines usually accomplish large-scale transportation of crude 
oil, refined petroleum products, natural gas, and tankers, while 
smaller-scale distribution, especially of petroleum products, is car-
ried out by barges, trucks, and rail tank cars. In fact, the transporta-
tion from the source of the crude oil to the market is as old as the 
industry itself. Even the bitumen used in Babylon and other cities 
of the Fertile Crescent had to be transported from the seepage at Hit 
to the place where it would be used. 

In more modern times, the transportation of crude oil from fields 
to refineries and of products to market centers was at one time 
essentially dependent upon rail transportation. By the early 1970s, 
the use of railroad tank cars had diminished to the point at which 
only a little over 1% of the total petroleum tonnage was hauled 
by the railroads. Pipeline mileage increased to become the major 
means of transportation. 

There were two principal technological trends during that 
period that increased pipeline use: (1) more widespread use was 
made of large diameter pipe; and (2) more efficient diesel pumps 
became available for installation at stations along the line, replacing 
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steam-driven models. In addition there were other developments 
such as (1) the introduction of welded rather than screwed-in cou-
plings; (2) the use of high carbon steel to replace lap-welded pipe; 
and (3) the replacement of diesel equipment by electrically pow-
ered pumps. At the present time, the pipeline used for petroleum 
transportation may be up to 48 inches in diameter and may cover 
many thousands of miles. 

Pipelines may be used to transport different types of crude oil 
(batch transportation). When the different batches must be kept 
separated to prevent mixing, slugs of kerosene, water, or occa-
sionally inflatable rubber balls are used to separate the batches. 
However, there is also the possibility that the batches can be trans-
ported through the pipelines without such separators. The prop-
erties of each batch may be such that mixing, other than to form 
a narrow interface, is prevented. It is frequently necessary to pass 
cylindrical steel cleaners through the pipelines, between pumping 
stations, to maintain the pipeline clear of deposits. 

Tank trucks are used for both lock and intermediate haul-
ing from manufacturing and distance hauling from manufactur-
ing and terminal points to individual domestic, commercial, and 
industrial consumers that maintain storage tanks on their prem-
ises. Because of costs, most bulk deliveries by truck fall within a 
radius of 300 miles. 

Seagoing tankers (Figure 3.6), on the other hand, can be sent to 
any destination where a port can accommodate them and can be 
shifted to different routes according to need. 

The seagoing tanker fleets that are owned, or used, by the 
world's oil companies are also responsible for the movement of 
a considerable portion of the world's crude oil. In fact, seago-
ing tankers form one of the most characteristic features associ-
ated with the transportation of petroleum. Many of these ships 
are of such a size that there are few ports that can handle them. 
Instead these large ships (VLCCs, very large crude carriers, and 
ULCCs, ultra large crude carriers) spend their time sailing the 
seas between different points, filling up and off-loading without 
ever entering port. Special loading jetties, artificial islands, or 
large buoys moored far offshore have been developed to load or 
off-load these tankers. 

In general, the larger the tanker the lower its unit cost of trans-
portation. As a result, the size of tankers during the 1960s and 
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Type/cargo Length Beam Draft dwt* Speed 

1 VLCC/crude 332 m 58m 22 m 298000 15.5 kno 
2 Multi product/crude 244 m 42 m 14.6 m 105000 14 knot 

heated tanks 
3 Clean/dirty product 183 m 32 m 12.2 m 47000 15.6 kno 
4 LPG carrier 209 m 31.4 m 12.5 m 47000 — 
5 LNG spherical tanks 272 m 47.2 m 11.4m 67000 18.5 kno 
6 LNG'oblong'tanks 287 m 41.8 m 11.3m 71470 19.2 kno 

*dwt (deadweight tonnes) is the cargo capacity of the vessel 

Figure 3.6 General description of sea-going vessels used for transportation of 
petroleum and petroleum products. 

1970s grew steadily. During the 1930s and 1940s, the average size 
of tankers was about 12,000 deadweight ton (dwt = the number of 
tons of cargo, stores, and fuel that a ship can usually carry). By the 
1950s a 33,000 dwt tanker was considered standard size. At present, 
the VLCC and ULCC classes involve tankers of over 200,000 and 
300,000 dwt. A few tankers in the 500,000 dwt range also exist, and 
some have even exceeded this size. 

The cargo space in the tankers is usually divided into two, three, 
or four rows of cargo tanks by longitudinal bulkheads. These are 
further divided into individual tanks (from 25 to 40 feet long in large 
vessels) by transverse bulkheads. Access to the tanks is through 
oil-tight hatches on the deck, cargo being loaded or discharged 
by means of the ship's own pumps, which may have a capacity in 
excess of 4000 ton/h. There has lately been some discussion about 
the wisdom of building such tankers with double hulls. In theory, 
the single-hull tanker has a better chance of staying afloat but will 
spill some of the cargo into the sea. 

Over the past two decades it has also become evident that crude 
oil tankers are usually shorter lived than most other cargo ships. 
Crude oil cargoes can deposit corrosive sludge on the bottom of 
the hold, and gasoline cargoes can also have a corrosive effect on 
the steel of the tanks. As a result, a tanker may last only 12 years 
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instead of the 20-year life of a cargo ship, although protective coat-
ings have been developed that help to withstand the corrosive 
effects of petroleum products. 

Transportation is a major aspect of oil sands exploitation 
(Demaison, 1977). There are four major aspects of liquid fuels pro-
duction from an oil sand resource: 

1. Ore recovery 
2. Bitumen separation 
3. Bitumen conversion to synthetic crude oil; and 
4. Refining the synthetic crude oil to usable liquid fuels. 

Currently, the two commercial plants carry out the first three 
stages on-site, and in this respect the plants are completely self-
contained. The synthetic crude oil is then shipped by pipeline to a 
more conventional refinery site (e.g. Edmonton) for fuel upgrad-
ing to liquid fuels. However, there are constraints on the character 
of liquids that may be shipped by pipeline. The synthetic crude oil 
conveniently meets the specifications for pipeline shipment, but 
should an alternative means of bitumen upgrading be established, 
that is visbreaking (viscosity breaking), pipeline specifications 
must be met. 

It may be deemed desirable to ship the whole bitumen feed by 
pipeline, in which case dilution with naphtha is necessary. The 
naphtha may actually be produced at the recovery site by construc-
tion of a nominal conversion operation. However, it is to be antici-
pated that a feed having a viscosity in excess of 15,000 cSt at 35°C 
(100°F) will require in excess of 0.5 barrels naphtha per barrel of 
bitumen. At higher temperatures, the amount of naphtha required 
is reduced, but light ends and even water may have to be removed 
to prevent undue pressure buildup in the pipeline if shipping tem-
peratures of about 95°C (200°F) are considered. 

One other aspect of transportation is the shipment of bitumen 
separated from tar sand (or the whole oil sand or even bitumen-
enriched oil sand, produced by a less efficient once-through hot 
water separation) in trucks or trains. Currently, economic con-
straints related to the amount of material that would have to be 
moved to enable even a nominal conversion or upgrading opera-
tion to run continuously (hazards of weather and mechanical con-
straints notwithstanding) have caused these types of operation to 
be downgraded in priority. 
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Finally, it is also possible for bitumen to be emulsified and shipped 
by pipeline as an emulsion. This particular idea has received some 
attention, especially in regard to bitumen recovery by aqueous 
flooding methods. The idea is to produce the bitumen from the for-
mation as an oil-in-water emulsion at the remote site followed by 
shipping of the emulsion to an oil recovery and upgrading site. 

Seagoing vessels also transport natural gas. The gas is either 
transported under pressure at ambient temperatures (e.g. propane 
and butanes) or at atmospheric pressure but with the cargo under 
refrigeration (e.g. liquefied petroleum gas). For safety reasons, 
petroleum tankers are constructed with several independent tanks 
so that rupture of one tank will not necessarily drain the whole 
ship, unless it is a severe bow-to-stern (or stern-to-bow) rupture. 
Similarly, gas tankers also contain several separate tanks. 

Natural gas presents different transportation requirements prob-
lems. Before World War II its use was limited by the difficulty in 
transporting it over long distances. The gas found in oil fields was 
frequently burned off; and unassociated dry gas was usually aban-
doned. After the war new steel alloys permitted the laying of large-
diameter pipes for gas transport in the United States. The discovery 
of the Groningen field in the Netherlands in the early 1960s and 
the exploitation of huge deposits in Soviet Siberia in the 1970s and 
1980s led to a similar expansion of pipelines and natural gas use in 
Europe. 

Because of its lower density natural gas is much more expensive 
to ship than crude oil. Most natural gas moves by pipeline, but in 
the late 1960s tanker shipment of cryogenically liquefied natural 
gas (LNG) began, particularly from the producing nations in the 
Pacific to Japan. Special alloys are required to prevent the tanks 
from becoming brittle at the low temperatures (-161°C, -258°F) 
required to keep the gas liquid. 

3.6 Products and Product Quality 

Conventional crude oil is a brownish green to black liquids of spe-
cific gravity in a range from about 0.810 to 0.985 and having a boil-
ing range from about 20°C (68°F) to above 350°C (660°F), above 
which active decomposition ensues when distillation is attempted. 
The oils contain from 0 to 35% or more of gasoline, as well as vary-
ing proportions of kerosene hydrocarbons and higher boiling 
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constituents up to the viscous and nonvolatile compounds pres-
ent in lubricant oil and in asphalt. The composition of the crude 
oil obtained from the well is variable and depends not only on the 
original composition of the oil in situ but also on the manner of 
production and the stage reached in the life of the well or reservoir. 

For a newly opened formation and under ideal conditions the 
proportions of gas may be so high that the oil is, in fact, a solution 
of liquid in gas that leaves the reservoir rock so efficiently that a 
core sample will not show any obvious oil content. A general rough 
indication of this situation is a high ratio of gas to oil produced. 
This ratio may be zero for fields in which the rock pressure has been 
dissipated. The oil must be pumped out to as much as 50,000 ft3 

or more of gas per barrel of oil in the so-called condensate reser-
voirs, in which a very light crude oil (specific gravity <0.80) exists 
as vapor at high pressure and elevated temperature. 

Thus, fluids produced from a well are seldom pure crude oil: in 
fact, a variety of materials may be produced by oil wells in addi-
tion to liquid and gaseous hydrocarbons. The natural gas itself may 
contain as impurities one or more non-hydrocarbon substances. 
The most abundant of these impurities is hydrogen sulfide, which 
imparts a noticeable odor to the gas. A small amount of this com-
pound is considered advantageous as it gives an indication of leaks 
and where they occur. However, a larger amount makes the gas 
obnoxious and difficult to market. Such gas is referred to as sour 
gas and much of it is used in the manufacture of carbon black. 
A few natural gases contain helium, and this element does in fact 
occur in commercial quantities in certain gas fields; nitrogen and 
carbon dioxide are also found in some natural gases. Gas is usually 
separated at as high a pressure as possible, reducing compression 
costs when the gas is to be used for gaslift or delivered to a pipeline. 
Lighter hydrocarbons and hydrogen sulfide are removed as neces-
sary to obtain a crude oil of suitable vapor pressure for transport 
yet retaining most of the natural gasoline constituents. 

By far the most abundant extraneous material is water. Many 
wells, especially during their declining years, produce vast quanti-
ties of salt water, and disposing of it is both a serious and an expen-
sive problem. Furthermore, the brine may be corrosive, which 
necessitates frequent replacement of casing, pipe, and valves, or it 
may be saturated so that the salts tend to precipitate upon reach-
ing the surface. In either case, the water produced with the oil is 
a source of continuing trouble. Finally, if the reservoir rock is an 
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incoherent sand or poorly cemented sandstone, large quantities of 
sand are produced along with the oil and gas. On its way to the sur-
face, the sand has been known to scour its way completely through 
pipes and fittings. 

It must also be remembered that in any field where primary 
production is followed by a secondary or enhanced production 
method, there will be noticeable differences in properties between 
the fluids produced (Thomas et al., 1983). The differences in elemen-
tal composition may not reflect these differences to any great extent 
(Zou et al.., 1989), but more significant differences will be evident 
from an inspection of the physical properties. One issue that arises 
from the physical property data is that such oils may be outside 
the range of acceptability for refining techniques other than ther-
mal options. In addition, overloading of thermal process units will 
increase as the proportion of the heavy oil in the refinery feedstock 
increases. There is a need for more and more refineries to accept 
larger proportions of heavy crude oils as the refinery feedstock and 
have the capability to process such materials. 

Technologies such as alkaline flooding, microemulsion (micel-
lar/emulsion) flooding, polymer augmented water flooding, and 
carbon dioxide miscible/immiscible flooding do not require or 
cause any change to the oil. The steaming technologies may cause 
some steam distillation that can augment the process when the 
steam distilled material moves with the steam front and acts as a 
solvent for oil ahead of the steam front (Pratts, 1986). Again, there is 
no change to the oil although there may be favorable compositional 
changes to the oil insofar as lighter fractions are recovered and 
heavier materials remain in the reservoir (Richardson et al, 1992). 

The technology where changes do occur involves combustion of 
the oil in situ. The concept of any combustion technology requires 
that the oil be partially combusted and that thermal decomposition 
occur to other parts of the oil. This is sufficient to cause irreversible 
chemical and physical changes to the oil to the extent that the prod-
uct is markedly different to the oil in place. Recognition of this phe-
nomenon is essential before combustion technologies are applied 
to oil recovery. 

Although this improvement in properties may not appear to 
be too drastic, nevertheless it usually is sufficient to have major 
advantages for refinery operators. Any incremental increase in the 
units of hydrogen/carbon ratio can save amounts of costly hydro-
gen during upgrading. The same principles are also operative for 
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reductions in the nitrogen, sulfur, and oxygen contents. This lat-
ter occurrence also improves catalyst life and activity as well as 
reduces the metals content. 

In short, in situ recovery processes, although less efficient in 
terms of bitumen recovery relative to mining operations, may have 
the added benefit of leaving some of the more obnoxious constitu-
ents from the processing objective in the ground. 
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4 
Crude Oil Classification 
and Benchmarks 

Recent fluctuations in the price of oil have triggered the debate 
regarding the level of world oil reserves, and the capacity to meet 
future energy demand has taken on a new impetus. This has led to 
reinvestigation of the methods of crude oil classification and clas-
sification of reserves. 

For the purpose of the book, petroleum is a naturally occurring 
mixture of hydrocarbons, generally in a liquid state, that may also 
include compounds of sulfur nitrogen oxygen metals and other 
elements (ASTM D4175), which occurs in sedimentary rock depos-
its throughout the world (Speight, 2007). However, the definition 
of petroleum-associated materials has been varied, unsystematic, 
diverse, and often archaic and it is only recently that some attempt 
has been made to define these materials in a meaningful manner 
(Chapter 1). Thus, it is not surprising that attempts to classify petro-
leum have also evolved, and it is the purpose of this chapter to 
review these methods and present them for further consideration 
in terms of pricing strategies. 

Crude oil is the primary input into the petroleum refining 
industry. Therefore, basic information about the production 
and distribution of crude oil will provide useful context for the 
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downstream business. However, regardless of the source of crude 
oil, the price is determined in the world market and both imported 
and domestic crude oil is priced according to the supply/demand 
balance and pricing dynamics on the world oil market. In this 
respect, many refiners have very little influence on the price they 
pay for crude oil. 

The overall economics or viability of a refinery depends on 
the interaction of three key elements: the choice of crude oil used 
(crude slates), the complexity of the refining equipment (refinery 
configuration) and the desired type and quality of products pro-
duced (product slate). Refinery utilization rates and environmental 
considerations also influence refinery economics. 

Using more expensive, lighter and sweeter crude oil requires 
less refinery upgrading, but supplies of light, sweet crude oil are 
decreasing and the differential between heavier and sourer crude 
oils is increasing. Using cheaper, heavier crude oil means more 
investment in upgrading processes. Costs and payback periods 
for refinery processing units must be weighed against anticipated 
crude oil costs and the projected differential between light and 
heavy crude oil prices. 

Crude slates and refinery configurations must take into account 
the type of products that will ultimately be needed in the mar-
ketplace. The quality specifications of the final products are also 
increasingly important as environmental requirements become 
more stringent. 

Another aspect of crude oil pricing technology that is often 
ignored, especially when dealing with crude oil pricing, is the 
Hubbert peak theory. 

The Hubbert peak theory, also known as peak oil, postulates 
that future petroleum production, whether for individual oil wells, 
entire oil fields, whole countries, or worldwide production, will 
eventually peak and then decline at a similar rate to the rate of 
increase before the peak as these reserves are exhausted. The theory 
also suggests a method to calculate the timing of this peak, based 
on past production rates, the observed peak of past discovery rates, 
and proven oil reserves. 

The theory arose in 1956 when M. King Hubbert correctly pre-
dicted US oil production would peak around 1971. When this 
occurred and the US began losing its excess production capacity, 
OPEC gained the ability to manipulate oil prices, leading to the 
1973 and 1979 oil crises. 
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However, controversy surrounds predictions of the timing of 
the global peak, as these predictions are dependent on the past 
production and discovery data used in the calculation as well as 
how unconventional reserves are considered. Supergiant fields 
have been discovered in the past two decades, such as Azadegan, 
Carioca/Sugar Loaf, Tupi, Jupiter, Ferdows/Mounds/Zagheh, 
Tahe, Jidong Nanpu/Bohai Bay, West Kamchatka, and Kashagan, 
as well as tremendous reservoir growth from places such as the 
Bakken and massive syncrude operations in Venezuela and Canada. 
While past understanding of total oil reserves changed with newer 
scientific understanding of petroleum geology, current estimates of 
total oil reserves have been in general agreement since the 1960s. 
Furthermore, predictions regarding the timing of the peak are 
highly dependent on the past production and discovery data used 
in the calculation. 

It is difficult to predict the oil peak in any given region, due to the 
lack of transparency in accounting of global oil reserves. Based on 
available production data, proponents have previously predicted 
the peak for the world to be in years 1989,1995, or 1995-2000. Some 
of these predictions date from before the recession of the early 1980s, 
and the consequent reduction in global consumption, the effect of 
which was to delay the date of any peak by several years. Just as the 
1971 U.S. peak in oil production was only clearly recognized after 
the fact, a peak in world production will be difficult to discern until 
production clearly drops off. 

Clearly such concerns, whether real or truly theoretical, cannot 
help but have some influence on the price of oil. 

Thus, the classification of crude oil and crude oil reserves is an 
important indicator for the value of an oil company and the netback 
from a barrel of oil (i.e. the linkage between the price of curd oil 
and the products derived from it) ultimately determines the intrin-
sic value of a company. Because largely its reserves and resources 
drive the value of a company, it is one of the main drivers of the 
market capitalization of listed companies. 

4.1 Crude Oil Classification 

All crude oil is not valued equally because it varies markedly in 
appearance and properties, particularly in ease of recovery from 
the reservoir and production of saleable products in the refinery, 
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depending on its composition. It is usually black or dark brown, 
although it may be yellowish or even greenish. In fact, the need 
to classify crude oil arose because the quality of crude oil dictates 
the level of processing and conversion necessary to achieve what a 
refiner sees as an optimal mix of products. 

Different types of crude oil yield a different mix of products, 
depending on the crude oil's natural qualities. Their density, mea-
sured as American Petroleum Institute (API) gravity, and their sul-
fur content, typically differentiates crude oil types. Crude oil with 
a low API gravity is considered a heavy crude oil and typically has 
higher sulfur content and a larger yield of lower-valued products. 
Therefore, the lower the API of a crude oil, the lower the value it 
has to a refiner as it will either require more processing or yield a 
higher percentage of lower-valued products such as heavy fuel oil, 
which can often sell for less than crude oil. 

Using more expensive, lighter and sweeter crude oil requires less 
refinery upgrading. However, supplies of light, sweet crude oil are 
decreasing and the differential between heavier and sourer crudes 
is increasing. Using cheaper heavier crude oil means more invest-
ment in upgrading processes. Costs and payback periods for refin-
ery processing units must be weighed against anticipated crude oil 
costs and the projected differential between light and heavy crude 
oil prices. Furthermore, the difference in value between light and 
heavy oil is primarily determined in the market for each type and 
a widening of the differential generally leads to poorer profitability 
for heavy oil producers. 

Crude slates and refinery configurations must take into account 
the type of products that will ultimately be needed in the mar-
ketplace. The quality specifications of the final products are also 
increasingly important as environmental requirements become 
more stringent. 

The original methods of classification arose because of the com-
mercial interest in and recognition of the different types of crude 
oil, and were a means of providing refinery operators with a rough 
guide to processing conditions. It is therefore not surprising that 
systems based on a superficial inspection of a physical property, 
such as specific gravity or API (Baume) gravity, are easily applied, 
and are actually used to a large extent in expressing the quality of 
crude oils. Such a system is approximately indicative of the general 
character of a crude oil as long as materials of one general type are 
under consideration. For example, among crude oils from a partic-
ular area, an oil of 40°API (specific gravity = 0.825) is usually more 
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valuable than one of 20°API (specific gravity = 0.934) because it 
contains more light fractions (e.g., gasoline) and fewer heavy, unde-
sirable asphaltic constituents. 

Crude oil is a mixture of hydrocarbons, often found together 
with natural gas. The main characteristics of by which crude oil is 
defined are: (1) density which, in the oil industry, is usually mea-
sured by its API gravity, and (2) sulfur content. Thus, crude oil is 
usually described as sweet (low sulfur) or sour (high sulfur) and 
light or heavy, depending on its density. Heavier oils may also be 
described as medium and extra heavy oil although the definition of 
this later is open to question. Although the classification of crude 
oil may be defined by API gravity and sulfur content, this is not the 
complete story and other methods of classification are available. 

Only those methods of classification that have the potential to 
affect the price are included here. Other methods are available 
(Speight, 2007) but are more specific to the scientific aspect of crude 
oil rather than to the pricing and are not included here. 

4.1.1 Classification as a Hydrocarbon Resource 

Petroleum is referred to generically as a fossil energy resource and 
is further classified as a hydrocarbon resource and, for illustrative 
or comparative purposes in this text, coal and oil shale kerogen 
have also been included in this classification. However, the inclu-
sion of coal and oil shale under the broad classification of hydrocar-
bon resources has incorrectly required that the term hydrocarbon 
be expanded to include the macromolecular non-hydrocarbon 
species that constitute coal and oil shale kerogen. The use of the 
term organic sediments would be more accurate (Figure 4.1). The 
inclusion of coal and oil shale kerogen in the category hydrocarbon 
resources is due to the fact that these two natural resources will 
produce hydrocarbons on high-temperature processing. Therefore, 
if coal and oil shale kerogen are to be included in the term hydro-
carbon resources, it is more appropriate that they be classed as 
hydrocarbon-producing resources under the general classification 
of organic sediments (Figure 4.2). 

4.1.2 Classification by Chemical Composition 

Composition refers to the specific mixture of chemical compounds 
that constitute petroleum. 
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Figure 4.1 Subdivision of the earth's organic sediments. 
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Figure 4.2 Classification of the earth's organic sediments according to 
hydrocarbon occurrence and production. 

The composition of petroleum obtained from the well is vari-
able and depends not only on the original composition of the oil 
in situ but also on the manner of production and the stage reached 
in the life of the well or reservoir. In fact, petroleum (conventional 
crude oil) ranges from a brownish green to black liquid having a 
specific gravity (at 60°F> 15.6°C) that varies from about 0.75 to 1.00 
(57 to 10°API), with the specific gravity of most crude oils falling in 
the range 0.80 to 0.95 (45 to 17°API). The boiling range of petroleum 
varies from about 20°C (68°F) to above 350°C (660°F), above which 
active decomposition ensues when distillation is attempted. 
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Furthermore, petroleum varies in composition from one oil field 
to another, from one well to another in the same field, and even from 
one level to another in the same well. This variation can be in both 
molecular weight and the types of molecules present in petroleum. 

4.1.3 Density and API Gravity 

The use of density values has been advocated for quantitative appli-
cation using a scheme based on the American Petroleum Institute 
(API) gravity, which offers a wider scale of values by which crude 
oil can be classified and priced. As indicated above, the density of 
crude oil varies slightly from conventional crude to heavy crude. 

Light crude oil is usually oil having API gravity above 30 or 
35°API. Medium crude oil falls into the API gravity range is below 
these numbers. Heavy oil is considered to be those petroleum-type 
materials that had gravity somewhat less than 20°API, with the 
heavy oils falling into the API gravity range 10 to 15° (e.g., Cold 
Lake crude oil = 12°API) and bitumen falling into the 5 to 10°API 
range (e.g., Athabasca bitumen = 8°API). 

However, the assignment of specific numbers to the classifica-
tion of petroleum is fraught with difficulty. Using such points of 
demarcation does not circumvent the question that must arise 
when one considers a material having API gravity equal to 9.9 and 
one material having API gravity equal to 10.1; nor does the point of 
demarcation make allowance for the limitations of the accuracy of 
the analytical method. The use of one physical parameter, be it API 
gravity or any other physical property for that matter, is inadequate 
to the task of classifying conventional petroleum, heavy oil, and tar 
sand bitumen. 

4.1.4 Viscosity 

At the same time, in concert with the use of API gravity, the line of 
demarcation between petroleum and heavy oil vis-à-vis tar sand 
bitumen has been drawn at 10,000 centipoises. Briefly, materials 
having a viscosity of less than 10,000 centipoises are conventional 
petroleum and heavy oil, while tar sand bitumen has a viscosity 
greater than 10,000 centipoises. The use of such a scale requires a 
fine line of demarcation between the various crude oils, heavy oils, 
and bitumen to the point where it would be confusing to have to 
differentiate between a material having a viscosity of 9950 cp and 



110 PETROLEUM TECHNOLOGY, ECONOMICS, AND POLITICS 

one having a viscosity of 10,050 cp. Furthermore, the inaccuracies 
(i.e., the limits of experimental error) of the method of measuring 
viscosity also increase the potential for misclassification. 

The use of viscosity also does not circumvent the use of one 
physical property and the difference between a material having vis-
cosity equal to 49,900 and 50,100 centipoises (or 99,900 and 100,100 
centipoises). 

4.1.5 UOP Characterization Factor 

This factor is perhaps one of the more widely used derived char-
acterization or classification factors and is defined by the formula 

K = VTB/d 

TB is the average boiling point in degrees Rankine (°F + 460) and 
d is the specific gravity 60°/60°F. This factor has been shown to be 
additive on a weight basis. It was originally devised to show the 
thermal cracking characteristics of heavy oils; thus, highly paraffin 
oils have K in the range 12.5 to 13.0 and cyclic (naphthene) oils have 
K in the range 10.5 to 12.5. 

4.1.6 Pour Point 

The pour point of petroleum or a petroleum product is the lowest 
temperature at which oil will move, pour, or flow when it is chilled 
without disturbance under definite conditions (ASTM D97). In fact, 
the pour point of oil, when used in conjunction with the reservoir 
temperature, gives a better indication of the condition of the oil in 
the reservoir than the viscosity. Thus, the pour point and reservoir 
temperature present a more accurate assessment of the condition of 
the oil in the reservoir, being an indicator of the mobility of the oil 
in the reservoir. When used in conjunction with reservoir tempera-
ture, the pour point gives an indication of the liquidity of the heavy 
oil or bitumen and, therefore, the ability of the heavy oil or bitumen 
to flow under reservoir conditions. In summary, the pour point is 
an important consideration because, for efficient production, addi-
tional energy must be supplied to the reservoir by a thermal pro-
cess to increase the reservoir temperature beyond the pour point. 

A classification method that uses the pour point of the oil and 
the reservoir temperature adds a specific qualification to the term 
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extremely viscous as it occurs in the definition of tar sand. In fact, 
when used in conjunction with the recovery method, pour point 
offers more general applicability to the conditions of the oil in the 
reservoir or the bitumen in the deposit, and a comparison of the two 
temperatures shows promise and warrants further consideration. 

4.1.7 Recovery Method 

All of the classification systems described above are based on the 
assumption that petroleum can be more or less characterized by the 
properties of one or a few fractions. However, the properties of cer-
tain fractions of a crude oil are not always reflected in those of other 
fractions of the same oil; plus, any method of classification in which 
the properties of a certain fraction are extrapolated to the whole 
crude oil must be applied with caution as serious errors can arise. 

In order to classify petroleum, heavy oil, and tar sand bitu-
men, the use of a single parameter such as viscosity is not enough 
(Speight, 2007). Other properties, such as API gravity, elemental 
analysis, composition, the properties of the fluid in the reservoir, 
and the method of recovery need to be acknowledged. 

The United States Congress has defined tar sands as "the sev-
eral rock types that contain an extremely viscous hydrocarbon 
which is not recoverable in its natural state by conventional oil well 
production methods including currently used enhanced recovery 
techniques" (US Congress, 1976). By inferences, conventional petro-
leum and heavy oil can be recovered by currently used enhanced 
recovery techniques. Furthermore, conventional petroleum can be 
recovered by primary and secondary techniques. 

However, the methods of pricing crude oil require something 
more than these general properties and methods of classification, 
although some of the parameters, such as API gravity and sulfur 
content, are still employed. It is here that the need for benchmark 
crude oils enters the arena. 

4.2 Classification of Reserves 

The classification of reserves and, hence, reserve estimates for 
crude oil, are very difficult to develop. There are various versions 
of crude oil reserves of which the most frequently used is the BP 
Statistical Review of World Energy (BP, 2008). However, even the 
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best laid plans and numbers are subject to debate. As a result, the 
classification of reserves is discussed here so that the reader may 
compare the recognized systems of reserve classification and won-
der why all oil-producing countries do not subscribe to similar sys-
tems or develop their own systems. In fact, the reserves estimates 
of various oil-producing nations have already come under question 
(Campbell and Laherrère, 1998; Aluko, 2004). 

Reporting data on oil production or oil reserves is either a tech-
nical or a political act. The Society of Petroleum Engineers classify 
crude oil reserves to satisfy the technical needs, while the Securities 
Exchange Commission (SEC) classify reserves to satisfy bank-
ers and shareholders and requires oil companies listed on the US 
stock market to report only proved reserves and to omit probable 
reserves that are reported in the rest of the world. 

Various definitions have been applied to energy reserves, but the 
crux of the matter is the amount of a resource that is recoverable 
using current technology. In fact, the definitions that are used to 
describe petroleum reserves are often misunderstood because they 
are not adequately defined at the time of use. Therefore, as a means 
of alleviating this problem, it is pertinent to consider the definitions 
used to describe the amount of petroleum that remains in subter-
ranean reservoirs. 

Petroleum is a resource; in particular, petroleum is a fossil fuel 
resource. A resource is the entire commodity that exists in the sedi-
ments and strata, whereas the reserves represent that fraction of a 
commodity that can be recovered economically. 

Reserves are those quantities of petroleum claimed to be com-
mercially recoverable by application of development projects to 
known accumulations under defined conditions. Reserves must 
satisfy four criteria: 

1. They must be discovered through one or more explor-
atory wells 

2. They must be recoverable using existing technology 
3. They must be commercially viable 
4. They must be remaining in the ground. 

As already noted (Chapter 2) one of the basic requirements 
of reservoir studies is to provide certifications of oil and gas 
reserves and resources, which is known as reservoir evaluation. 
Crude oil reserves are the estimated quantities of crude oil that 
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are claimed to be recoverable under existing economic and oper-
ating conditions. 

Geological and geochemical analyses of hydrocarbons and 
organic matter in source rocks are critical in hydrocarbon explora-
tion and in examining the extent and continuity of hydrocarbon 
reservoirs. Hydrocarbons may be correlated with source rock to 
verify the results of basin modeling. 

The estimation of crude oil reserves (Chapter 1) is usually sub-
divided into two components: (1) the total reserves contained in 
the reservoir — usually termed the resource or original-oil-in-
place (OOIP) and (2) recoverable reserves — that portion of the 
resource, as of the date the reserves are calculated, is economi-
cally efficient given market conditions and rational use of modern 
extraction equipment and technologies. The reserve estimate will 
change with the price of oil and with the evolution of new and 
more efficient recovery technologies. Thus, early estimates of the 
reserves of an oil field may appear to be conservative insofar as 
the number increases with time; this phenomenon is referred to as 
reserves growth. 

The term oil-in-place (OIP) may also be used for the resource, but 
it is more appropriate to indicate the oil remaining after recovery 
has commenced and been operating for a time. 

The ratio of producible oil reserves to total oil in place for a given 
field is often referred to as the recovery factor, which varies from oil 
field to oil field. In fact, the recovery factor of any particular field 
may change over time, based on operating history and in response 
to changes in technology and economics. 

Many oil-producing nations do not reveal their reservoir engi-
neering field data, but instead provide unaudited claims for their 
oil reserves. 

The United States had two main ways of announcing reserves: 
(1) the standards developed by the Society of Petroleum Engineers 
(SPE) and (2) the standards employed by the Securities and 
Exchange Commission (SEC). Another system of standards, devel-
oped by Russia, has also become available recently, and, because of 
Russia being an oil-exporting country, is also noteworthy. 

However, the use of the term reserves as being descriptive of the 
resource is subject to much speculation. In fact, it is subject to word 
variations; for example, reserves are classed as proved, unproved, 
probable, possible, and undiscovered — each with its own parti-
cular definition. 
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4.2.1 SPE Standards 

The standards developed by the Society of Petroleum Engineers 
take into account not only the probability that hydrocarbons are 
physically present in a given geological formation, but also the 
economic viability of recovering the reserves. This includes many 
factors, such as exploration and drilling costs, ongoing production 
costs, transportation costs, taxes, prevailing prices for the products, 
and other factors that influence the economic viability of a given 
deposit. 

Within these standards, reserves are classified as proved, probable 
and possible, based on both geological and commercial factors. 

All reserve estimates involve uncertainty, depending on the 
amount of reliable geologic and engineering data available and the 
interpretation of those data. The relative degree of uncertainty can be 
expressed by dividing reserves into two principal classifications — 
proven (proved) and unproven (unproved). Unproven reserves 
can further be divided into two subcategories — probable and pos-
sible — to indicate the relative degree of uncertainty about their 
existence. 

Proved reserves are reserves of petroleum that are confirmed 
with a high degree of certainty, and are actually found by drilling 
operations and are recoverable by means of current technology. 
They have a high degree of accuracy and are frequently updated as 
the recovery operation proceeds. Proven reserves have a reasonable 
certainty (normally at least 90% confidence) of being recoverable 
under existing economic and political conditions, and using exist-
ing technology. Industry specialists refer to this as P90 (i.e. having a 
90% certainty of being produced). Proved reserves are also known 
in the industry as IP. They may be updated by means of reservoir 
characteristics, such as production data, pressure transient analy-
sis, and reservoir modeling. 

Probable reserves are those reserves of petroleum that are nearly 
certain but about which a slight doubt exists. Possible reserves are 
those reserves of petroleum with an even greater degree of uncer-
tainty about recovery, but about which there is some information. 
An additional term, potential reserves, is also used on occasion; 
these reserves are based upon geological information about the 
types of sediments where such resources are likely to occur and 
they are considered to represent an educated guess. Then, there 
are the so-called undiscovered reserves, which are little more than 
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figments of the imagination. The terms undiscovered reserves or 
undiscovered resources should be used with caution, especially 
when applied as a means of estimating reserves of petroleum 
reserves. The data is very speculative and regarded by many energy 
scientists as having little value other than unbridled optimism. 

Probable reserves are those reserves of petroleum that are nearly 
certain but about which a slight doubt exists. Probable reserves are 
based on median estimates, and claim a 50% confidence level of 
recovery. Industry specialists refer to this as P50 (i.e. having a 50% 
certainty of being produced), which is also referred to in the indus-
try as 2P (proved plus probable). 

Possible reserves are those reserves of petroleum with an even 
greater degree of uncertainty about recovery but about which there 
is some information. Possible reserves have a less likely chance of 
being recovered than probable reserves. This term is often used 
for reserves that are claimed to have at least a 10% certainty of 
being produced (P10). Reasons for classifying reserves as possible 
include varying interpretations of geology, reserves not producible 
at commercial rates, uncertainty due to reserve infill (seepage from 
adjacent areas), and projected reserves based on future recovery 
methods. This is referred to in the industry as 3P (proved plus prob-
able plus possible). 

An evaluation of proved, probable, and possible natural gas 
reserves naturally involves multiple uncertainties. The accuracy of 
any reserves evaluation depends on the quality of available infor-
mation and engineering and geological interpretation. Based on 
the results of drilling, testing, and production after the audit date, 
reserves may be significantly restated upwards or downwards. 
Changes in the price of natural gas, gas condensate or crude oil 
may also affect our proved and probable reserves estimates, as well 
as estimates of its future net revenues and net present worth. This 
is because the reserves are evaluated, and the future net revenues 
and net present worth are estimated based on prices and costs as of 
the audit date. 

Recently, an additional term — potential reserves — is also used 
on occasion; these reserves are based upon geological information 
about the types of sediments where such resources are likely to occur 
and they are considered to represent an educated guess. The term 
inferred reserves is also commonly used in addition to, or in place 
of, potential reserves. Inferred reserves are regarded as of a higher 
degree of accuracy than potential reserves, and the term is applied 
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to those reserves that are estimated using an improved understand-
ing of reservoir frameworks. The term also usually includes those 
reserves that can be recovered by further development of recov-
ery technologies. Oil companies and government agencies use 
unproved reserves internally for future planning purposes. 

More recently, the Society for Petroleum Engineers has developed 
a resource classification system (Figure 1.1) that moves away from 
systems in which all quantities of petroleum that are estimated to be 
initially-in-place are used. Some users consider only the estimated 
recoverable portion to constitute a resource. In these definitions, the 
quantities estimated to be initially in place are (1) total petroleum-
initially-in-place, (2) discovered petroleum-initially-in-place, and 
(3) undiscovered petroleum-initially-in-place. The recoverable por-
tions of petroleum are defined separately as (1) reserves, (2) contin-
gent resources, and (3) prospective resources. In any case, reserves 
are a subset of resources and are those quantities petroleum that are 
discovered (i.e. in known accumulations), recoverable, commercial 
and remaining. 

The total petroleum initially in place is that quantity of petroleum 
that is estimated to exist originally in naturally occurring accu-
mulations. The total petroleum initially in place is, therefore, that 
quantity of petroleum that is estimated to be contained in known 
accumulations, plus those quantities already produced therefrom 
and those estimated quantities in accumulations yet to be discov-
ered. The total petroleum initially in place may be subdivided into 
discovered petroleum initially in place and undiscovered petro-
leum initially in place, with discovered petroleum initially in place 
being limited to known accumulations. 

It is recognized that the quantity of petroleum initially in 
place may constitute potentially recoverable resources because 
the estimation of the proportion that may be recoverable can be 
subject to significant uncertainty and will change with variations in 
commercial circumstances, technological developments, and data 
availability. A portion of those quantities classified as unrecover-
able may become recoverable resources in the future as commer-
cial circumstances change, technological developments occur, or 
additional data are acquired. 

Discovered petroleum initially in place may be subdivided into 
commercial and sub-commercial categories, with the estimated 
potentially recoverable portion being classified as reserves and 
contingent resources respectively, as defined below. 
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Reserves are those quantities of petroleum which are antici-
pated to be commercially recovered from known accumula-
tions from a given date forward (http://www.spe.org/spe/jsp/ 
basic/0„1104_1718,00.html). 

Estimated recoverable quantities from known accumulations 
that do not fulfill the requirement of commerciality should be clas-
sified as contingent resources, as defined below. The definition of 
commerciality for an accumulation will vary according to local con-
ditions and circumstances and is left to the discretion of the country 
or company concerned. However, reserves must still be catego-
rized according to specific criteria, therefore proved reserves will 
be limited to those quantities that are commercial under current 
economic conditions, while probable and possible reserves may be 
based on future economic conditions. In general, quantities should 
not be classified as reserves unless there is an expectation that the 
accumulation will be developed and placed on production within a 
reasonable timeframe. 

In certain circumstances, reserves may be assigned even though 
development may not occur for some time. An example of this 
would be where fields are dedicated to a long-term supply contract 
and will only be developed as and when they are required to satisfy 
that contract. 

Contingent resources are those quantities of petroleum that 
are estimated, on a given date, to be potentially recoverable from 
known accumulations, but which are not currently considered as 
commercially recoverable. Some ambiguity may exist between the 
definitions of contingent resources and unproved reserves. This is a 
reflection of variations in current industry practice, but if the degree 
of commitment is not such that the accumulation is expected to be 
developed and placed on production within a reasonable time-
frame, the estimated recoverable volumes for the accumulation 
be classified as contingent resources. Contingent resources may 
include, for example, accumulations for which there is currently no 
viable market, or where commercial recovery is dependent on the 
development of new technology, or where evaluation of the accu-
mulation is still at an early stage. 

Undiscovered petroleum initially in place is that quantity of 
petroleum that is estimated, on a given date, to be contained in accu-
mulations that are yet to be discovered. The estimated potentially 
recoverable portion of undiscovered petroleum initially in place 
is classified as prospective resources, which are those quantities 
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of petroleum that are estimated, on a given date, to be potentially 
recoverable from undiscovered accumulations. 

The ultimate recoverable resource (URR) is the total quantity of 
oil that will ever be produced, including the nearly 1 trillion barrels 
extracted to date. Estimated ultimate recovery (EUR) is the quan-
tity of petroleum that is estimated, on a given date, to be potentially 
recoverable from an accumulation, plus those quantities already 
produced therefrom. EUR is not a resource category but it is a term 
that may be applied to an individual accumulation of any status/ 
maturity, whether discovered or undiscovered. 

Petroleum quantities classified as reserves, contingent resources 
or prospective resources should not be aggregated with each other 
without due consideration of the significant differences in the crite-
ria associated with their classification. In particular, there may be a 
significant risk that accumulations containing contingent resources 
or prospective resources will not achieve commercial production. 

The range of uncertainty reflects a reasonable range of estimated 
potentially recoverable volumes for an individual accumulation. 
Any estimation of resource quantities for an accumulation is sub-
ject to both technical and commercial uncertainties, and should, in 
general, be quoted as a range. In the case of reserves, and where 
appropriate, this range of uncertainty can be reflected in estimates 
for proved reserves (IP), proved plus probable reserves (2P) and 
proved plus probable plus possible reserves (3P) scenarios. For 
other resource categories, the terms low estimate, best estimate, 
and high estimate are recommended. 

The term best estimate is used as a generic expression for the 
estimate considered being the closest to the quantity that will actu-
ally be recovered from the accumulation between the date of the 
estimate and the time of abandonment. If probabilistic methods are 
used, this term would generally be a measure of central tendency 
of the uncertainty distribution. The terms low estimate and high 
estimate should provide a reasonable assessment of the range of 
uncertainty in the best estimate. 

For undiscovered accumulations, prospective resources, the 
range will, in general, be substantially greater than the ranges for 
discovered accumulations. However, in all cases, the actual range 
will be dependent on the amount and quality of data (both tech-
nical and commercial) that is available for that accumulation. As 
more data becomes available for a specific accumulation (e.g. addi-
tional wells, reservoir performance data), the range of uncertainty 
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in the estimated ultimate recovery for that accumulation should be 
reduced. 

The low estimate, best estimate, and high estimate of poten-
tially recoverable volumes should reflect some comparability with 
the reserves categories of proved reserves, proved plus probable 
reserves, and proved plus probable plus possible reserves, respec-
tively. While there may be a significant risk that sub-commercial 
or undiscovered accumulations will not achieve commercial pro-
duction, it is useful to consider the range of potentially recoverable 
volumes independently of such a risk. 

At some time in the future, resources may become reserves as a 
result of improvements in recovery techniques which may either 
make the resource accessible or bring about a lowering of the 
recovery costs and render winning of the resource an economical 
proposition. In addition, other uses may also be found for a com-
modity, and the increased demand may result in an increase in 
price. Alternatively, a large deposit may become exhausted and 
unable to produce any more of the resource thus forcing produc-
tion to focus on a resource that is lower grade but has a higher 
recovery cost. 

Finally, peak oil is not the phenomenon of running out of oil. It is 
the subsequent decline of the production rate of oil and is, in fact, 
the point in time when the maximum rate of global crude oil recov-
ery is reached, after which the rate of production enters a continu-
ous decline phase. The concept is based on the observed production 
rates of individual oil wells, and the combined production rate of a 
field of related oil wells. The aggregate production rate from an oil 
field over time appears to grow exponentially until the rate peaks 
and then declines, sometimes rapidly, until the field is depleted. It 
has been shown to be applicable to the sum of a nation's domestic 
production rate, and is similarly applied to the global rate of petro-
leum production. 

4.2.2 SEC Standards 

The standards set by the Securities and Exchange Commission 
(SEC) in the United States differ in certain material respects from 
SPE standards. The principal technical difference is related to the 
certainty of existence (i.e. proved or proven reserves). 

Under the SPE standards, reserves in undeveloped drilling sites 
that are located more than one well location from a commercial 
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producing well may be classified as proved reserves if there is rea-
sonable certainty that they exist. However, under SEC standards, 
the existence of the reserves must be demonstrated with certainty 
before they may be classified as proved reserves. 

Proved reserves are the only type of reserves that the Securities 
and Exchange Commission allows oil companies to report to inves-
tors. Companies listed on U.S. stock exchanges must substantiate 
their claims, but many governments and national oil companies do 
not disclose verifying data to support their claims. The practice of 
reporting only proved reserves can lead to a strong reserve growth, 
as 90% of the annual reserves oil addition come from revisions of old 
fields, showing that the assessment of the fields was poorly reported. 
This reserve growth of conventional oil reserves is often (sometime 
wrongly) attributed to technological progress. Technical data, on 
which development decisions are taken, exist but they are generally 
held to be confidential and not for general dissemination. 

Furthermore, under the SEC standards, oil in reservoirs may 
not be classified as proved reserves if they will be recovered after 
the expiration of a current license period unless the license holder 
has the right to renew the license and there is a demonstrated his-
tory of license renewal. However, under the SPE standards, proved 
reserves are projected to the economic production life of the evalu-
ated fields. 

Accordingly, information relating to estimated proved crude oil 
reserves under SEC standards is not necessarily indicative of infor-
mation that would be reported under SEC standards in an offering 
document registered with the SEC. In addition, SEC standards do 
not permit the presentation of reserves other than proved reserves. 

Under the SEC regulations, proved oil are the estimated quanti-
ties of crude oil, which geological and engineering data demon-
strate with reasonable certainty to be recoverable in future years 
from known reservoirs under existing economic and operating 
conditions, including prices and costs as of the date the estimate is 
made. Furthermore, reservoirs are considered proved if economic 
producibility is supported by either actual production data or a 
conclusive formation test. 

Reserves that can be produced economically through appli-
cation of improved recovery techniques, such as fluid injection, 
are included in the proved classification when successful testing 
by a pilot project, or the operation of an installed program in the 
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reservoir, provides support for the engineering analysis on which 
the project or program was based. However, estimates of proved 
reserves do not include the following: 

1. Oil that may become available from known reservoirs 
but is classified separately as indicated additional 
reserves 

2. Crude oil where the recovery subject to reasonable 
doubt because of uncertainty as to geology, reservoir 
characteristics, or economic factors 

3. Crude oil that may occur in undrilled prospects, and 
4. Crude oil, natural gas, and natural gas liquids, that 

may be recovered from oil sale, coal, gilsonite, and 
other such sources. 

Proved reserves are further subdivided into proved developed 
(PD) and proved undeveloped (PUD). PD reserves are reserves 
that can be produced with existing wells and perforations, or 
from additional reservoirs where minimal additional invest-
ment (operating expense) is required. Additional oil and gas 
expected to be obtained through the application of fluid injec-
tion or other improved recovery techniques for supplementing 
the natural forces and mechanisms of primary recovery can be 
included as proved developed reserves only after testing by a 
pilot project or after the operation of an installed program has 
confirmed through production response that increased recovery 
will be achieved. 

Proved undeveloped reserves are reserves that will be recov-
ered from new wells on undrilled acreage, or from existing wells 
where a relatively major expenditure is required for recompletion. 
Reserves on undrilled acreage are limited to those drilling units 
offsetting productive units that are reasonably certain of produc-
tion when drilled. Proved reserves for other undrilled units can 
be claimed only where it can be demonstrated with certainty that 
there is continuity of production from the existing productive for-
mation. Estimates for proved undeveloped reserves are not allowed 
for any acreage for which an application of fluid injection or other 
improved recovery technique is contemplated, unless such tech-
niques have been proved effective by actual tests in the area and in 
the same reservoir. 
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4.2.3 Russian Standards 
The Russian classification of crude oil reserves differs significantly 
from SEC standards and SPE standards with respect to the manner 
and extent to which commercial factors are taken into account in 
calculating reserves. While the Russian reserves system focuses on 
the actual physical presence of hydrocarbons in geological forma-
tions, the reserves of crude oil are estimated based on the prob-
ability of such physical presence (http://econ.la.psu.edu/CAPCP/ 
RussianData / data / classification, pdf). 

The system is based solely on the analysis of geological attri-
butes. Explored reserves are represented by categories A, B, and 
Cl; preliminary estimated reserves are represented by category C2; 
potential resources are represented by category C3; and forecasted 
resources are represented by categories Dl and D2. 

Category A reserves are calculated on the part of a deposit drilled 
in accordance with an approved development project for the oil or 
natural gas field and are reserves that have been analyzed in suf-
ficient detail to define the following comprehensively: 

1. The type, shape and size of the reservoir 
2. The level of hydrocarbon saturation 
3. The reservoir type; the nature of changes in the reser-

voir characteristics 
4. The hydrocarbon saturation of the productive strata of 

the deposit 
5. The content and characteristics of the hydrocarbons 
6. The major features of the deposit that determine the 

conditions of its development (mode of operations, 
well productivity, strata pressure, natural gas, gas 
condensate and crude oil balance). 

Category B reserves represents the crude oil which has been 
determined on the basis of commercial flows of oil in wells. The 
classification of reserves into this category include the following: 

1. The shape and size of the reservoir 
2. The oil saturation depth and type of the reservoir 
3. The nature of changes in the reservoir characteristics 
4. The oil saturation of the productive strata of the 

reservoir 
5. The composition and characteristics of the crude oil. 

http://econ.la.psu.edu/CAPCP/
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Category Cl reserves are the reserves of a reservoir (or of a por-
tion thereof) where the oil content has been determined on the basis 
of commercial flows of oil and positive results of geological and 
geophysical exploration of non-probed wells. In addition, the type, 
shape, and size of the reservoir as well as the formation structure of 
the oil-bearing reservoirs have been determined from the results of 
drilling exploration and production wells and by those geological 
and geophysical exploration techniques that have been field-tested 
for the applicable area. The lithology (rock type and content), reser-
voir type and characteristics, oil and natural gas saturation, oil dis-
placement ratio, and effective oil and natural gas saturation depth 
of the productive strata should have been studied based on drill 
cores and geophysical well exploration materials. The composition 
and characteristics of crude oil and well productivity are also nec-
essary for this category. 

Category Cl reserves are estimated on the basis of results of geo-
logical exploration work and production drilling and must have 
been studied in sufficient detail to yield data from which to draw 
up either a trial industrial development project in the case of a natu-
ral gas field or a technological development scheme in the case of 
an oil field. 

Category C2 reserves are preliminary estimated reserves of 
a deposit calculated on the basis of geological and geophysical 
research of unexplored sections of deposits adjoining sections of 
a field containing reserves of higher categories and of untested 
deposits of explored fields. The shape, size, structure, level, reser-
voir types, content, and characteristics of the hydrocarbon deposit 
are determined in general terms based on the results of the geologi-
cal and geophysical exploration and information on the more fully 
explored portions of a deposit. Category C2 reserves are used to 
determine the development potential of a field and to plan geologi-
cal, exploration and production activities. 

Category C3 resources are prospective reserves prepared for the 
drilling of (1) traps within the oil-and-gas bearing area, delineated 
by geological and geophysical exploration methods tested for such 
area and (2) the formation of explored fields which have not yet 
been exposed by drilling. The form, size, and stratification con-
ditions of the assumed deposit are estimated from the results of 
geological and geophysical research. The thickness, the reservoir 
characteristics of the formations, and the composition and charac-
teristics of hydrocarbons are assumed to be analogous to those for 
explored fields. Category C3 resources are used in the planning of 
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prospecting and exploration work in areas known to contain other 
reserve bearing fields. 

Category Dl resources are calculated based on the results the 
region's geological, geophysical and geochemical research and 
by analogy with explored fields within the region being evalu-
ated. Category Dl resources are reserves in lithological and strati-
graphic series that are evaluated within the boundaries of large 
regional structures confirmed to contain commercial reserves of 
oil and natural gas. 

Category D2 resources are calculated using assumed param-
eters on the basis of general geological concepts and by analogy 
with other, better studied regions with explored oil and natural 
gas fields. Category D2 resources are reserves in lithological and 
stratigraphie series that are evaluated within the boundaries of 
large regional structures not yet confirmed to contain commercial 
reserves of oil and natural gas. The prospects for these series that 
prove to be oil- and gas-bearing are evaluated based on geological, 
geophysical, and geochemical research. 

Furthermore, the Subsoil Resources Law provides that a license 
holder may request an extension of an existing license where 
extractable reserves remain upon the expiration of the primary 
term of the license, provided that the license holder is in material 
compliance with the license. 

However, in accordance with the Law on Subsoil, mineral 
reserves in Russia are subject to mandatory state examination, 
and subsoil users cannot be granted a production license with 
respect to a field that was not examined. The state examination of 
reserves is conducted by subsidiary organizations of the Federal 
Agency on Subsoil Use, including the State Reserve Commission 
and Central Reserve Commission and its regional departments. 
If the commercial feasibility of certain reserves is approved by any 
such organization, the reserves are entered in the State Balance of 
Mineral Products. Once a subsoil user is granted an exploration, 
development or production license, it is required to file annual sta-
tistical reports reflecting changes in reserves. In addition, subsoil 
users' reserve reports are submitted annually for examination and 
approval by the Central Reserve Commission or its regional organi-
zations or, if there has been a substantial change in reserves, by the 
State Reserve Commission. 

Estimations of reserves, as examined by the state expert organi-
zations and reflected in subsoil users' annual statistical reports, are 
accumulated in the State Balance of Mineral Products. 
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Finally, reserves of the combined A, B, and Cl classes in the 
Russian Standards equate with proved, probable and much of the 
possible reserves (3P) under the traditional SPE Standards. 

4.2.4 Miscellaneous Standards 

The Society of Petroleum Engineers (SPE), World Petroleum 
Council (WPC), American Association of Petroleum Geologists 
(AAPG), and Society of Petroleum Evaluation Engineers (SPEE) 
adopted a more sophisticated system of evaluating petroleum 
accumulations in 2007. This system incorporates the 1997 defini-
tions for reserves, but adds categories for contingent resources and 
prospective resources. 

Contingent resources are those quantities of petroleum esti-
mated, as of a given date, to be potentially recoverable from known 
accumulations, but the applied project(s) are not yet considered 
mature enough for commercial development due to one or more 
contingencies. Contingent resources may include, for example, 
projects for which there are currently no viable markets, or where 
commercial recovery is dependent on technology under develop-
ment, or where evaluation of the accumulation is insufficient to 
clearly assess commerciality. 

Prospective resources are those quantities of petroleum esti-
mated, as of a given date, to be potentially recoverable from undis-
covered accumulations by application of future development 
projects. Prospective resources have both an associated chance of 
discovery and a chance of development. 

The differences between the data obtained from these various 
estimates can be considerable, but it must be remembered that 
any data about the reserves of petroleum (and, for that matter, 
about any other fuel or mineral resource) will always be open to 
questions about the degree of certainty. Thus, in spite of the use 
of self-righteous word-smithing, proven reserves may be a very 
small part of the total hypothetical and/or speculative amounts 
of a resource. 

The United States Geological Survey uses the terms technically 
and economically recoverable resources when making its petro-
leum resource assessments. Technically recoverable resources rep-
resent that proportion of assessed in-place petroleum that may be 
recoverable using current recovery technology, without regard to 
cost. Economically recoverable resources are technically recov-
erable petroleum for which the costs of discovery, development, 
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production, and transport — including a return to capital — can be 
recovered at a given market price. 

Unconventional resources exist in petroleum accumulations 
that are pervasive throughout a large area. Examples include tar 
sand bitumen (sometimes referred to incorrectly as extra heavy oil) 
and oil shale deposits. Unlike Conventional resources in which the 
petroleum is recovered through wellbores and typically requires 
minimal processing prior to sale, unconventional resources require 
specialized extraction technology to produce. Moreover, the 
extracted petroleum may require significant processing prior to sale 
(e.g. bitumen upgraders) (Speight, 2007, 2008). The total amount of 
unconventional oil resources in the world considerably exceeds the 
amount of conventional oil reserves, but is much more difficult and 
expensive to develop. 

4.3 Benchmark Crude Oils 

The price of petroleum means the spot price of either West Texas 
Intermediate crude oil as traded on the New York Mercantile 
Exchange (NYMEX) for delivery in Cushing, Oklahoma, or of 
Brent crude as traded on the Intercontinental Exchange (ICE, into 
which the International Petroleum Exchange has been incorpo-
rated) for delivery at Sullom Voe. The price of a barrel of oil is 
highly dependent on both its grade, determined by factors such 
as its specific gravity or API gravity and sulfur content, as well 
as location. The vast majority of oil is not traded on an exchange, 
but instead on an over-the-counter basis, typically with refer-
ence to a marker crude oil grade that is quoted via pricing. Other 
important benchmark crude oils include Dubai, Tapis, and the 
OPEC basket. 

For the purposes of pricing, crude oil is generally classified based 
on the API gravity and sulfur content. For example, light crude oil 
has low density, low viscosity, and low sulfur content, making it 
easier to transport and refine and, therefore, more expensive to pur-
chase. Sweet crude oil has sulfur content less than 0.5% by weight 
and is usually light crude oil, making it more expensive, but much 
easier to refine in a way that would meet environmental standards 
in developed countries. 

A light crude oil is generally one with an API gravity of less than 
about 40. Brent crude oil has an API gravity of 38 to 39. Sweet crude 
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is preferable to sour crude oil because, like light crude oil, it is also 
more suited to the production of the most valuable refined prod-
ucts. On the other hand, heavy crude oil has high density, high vis-
cosity, and high sulfur content, making it more difficult to transport 
and refine and cheaper to purchase. Sour crude oil has a sulfur con-
tent above 0.5% by weight and is usually heavy crude oil, making it 
cheaper to purchase but more expensive to refine. 

Heavy crude oil will typically have an API gravity of 20 or less — 
the higher the API gravity, the lower the density. Heavy crude oil 
is harder to handle because it is too thick to pump easily through 
pipelines unless diluted with light crude, and it is more expensive 
to refine to produce the most valuable petroleum products such as 
petrol, diesel, and aviation fuel. 

Almost every oil field produces crude with a unique mixture 
of characteristics and it is, therefore, easiest to follow the prices 
of key benchmark varieties. The petroleum industry generally 
classifies crude oil by the geographic location it is produced in 
(e.g. West Texas Intermediate crude oil, Brent crude oil, or Omani 
crude oil), its API gravity (an oil industry measure of density), 
and by its sulfur content. In addition, the geographic location is 
important because it affects transportation costs to the refinery. 
Light crude oil is more desirable than heavy oil because it produces 
a higher yield of gasoline, while sweet oil commands a higher 
price than sour oil because it has fewer environmental problems 
and requires less refining to meet sulfur standards imposed on 
fuels in consuming countries. Each crude oil has unique molec-
ular characteristics that are understood by the use of crude oil 
assay analysis in petroleum laboratories. Crude oil from an area 
in which the crude oil's molecular characteristics have been deter-
mined and the oil has been classified are used as pricing refer-
ences throughout the world. 

Because there are so many different varieties and grades of 
crude oil, buyers and sellers have found it easier to refer to a lim-
ited number of reference, or benchmark, crude oils. Other variet-
ies are then priced at a discount or premium, according to their 
quality. Thus, crude oil is priced in terms of regional blends, each 
with different characteristics. Of these characteristics, traders fol-
low certain blends, as they most reflect the overall value of oil, 
and therefore affect the way different blends are priced. These are 
essentially like a Consumer Price Index for different types of oil. 
Approximately 160 different types of crude that are traded around 
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the world; the four primary benchmarks, of which these are priced 
internationally are: 

1. Brent blend crude oil 
2. West Texas intermediate (WTI) crude oil 
3. Dubai crude oil 
4. The OPEC Basket crude oil. 

By way of clarification, a benchmark is, in the current context, 
a standard against which the properties of crude oil can be mea-
sured or compared. When evaluating the price of any crude oil it is 
important to compare the crude oil against an appropriate bench-
mark crude oil. 

The Brent crude oil blend is based on the prices of Brent crude, 
which is a light, sweet crude oil and is actually a combination of 
crude oil from 15 different oil fields in the Brent and Ninian sys-
tems located in the North Sea. The API gravity is 38.3°, making it 
a light crude oil, but not quite as light as West Texas Intermediate 
crude oil, while it contains about 0.37% by weight sulfur, which 
makes it a sweet crude oil, but slightly less sweet than West Texas 
Intermediate crude oil. The Brent blend is ideal for making gasoline 
and middle distillates, both of which are consumed in large quanti-
ties in Northwest Europe, where Brent blend crude oil is typically 
refined. However, if the arbitrage between Brent and other crude 
oils, including WTI, is favorable for export, Brent has been known 
to be refined in the United States (typically the East Coast or the 
Gulf Coast) or the Mediterranean region. Brent blend, like West 
Texas Intermediate crude oil, production is also on the decline, but 
it remains the major benchmark for other crude oils in Europe or 
Africa. For example, prices for other crude oils in these two con-
tinents are often priced as a differential to Brent (i.e. Brent minus 
$0.50). Brent blend is generally priced at about a $4 per-barrel pre-
mium to the OPEC Basket price or about a $1 to $2 per-barrel dis-
count to West Texas Intermediate crude oil, although on a daily 
basis the pricing relationships can vary greatly. 

The West Texas intermediate (WTI) crude oil is the benchmark 
for oil prices in the United States based on light, low sulfur (0.24% 
by weight) West Texas intermediate crude oil, which remains the 
benchmark for oil prices in the United States despite the fact that 
production of this crude oil has been decreasing over the past two 
decades. 
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West Texas Intermediate crude oil is of very high quality and is 
excellent for refining a larger portion of gasoline. Its API gravity is 
39.6 degrees, making it a light crude oil, and it contains only about 
0.24 percent of sulfur, making a sweet crude oil. This combination of 
characteristics, combined with its location, makes it an ideal crude 
oil to be refined in the United States — the largest gasoline consum-
ing country in the world. Most West Texas Intermediate crude oil 
is refined in the Midwest region of the United States, with some 
more refined within the Gulf Coast region. Although the produc-
tion of WTI crude oil is on the decline, it still is the major bench-
mark of crude oil in the Americas. West Texas Intermediate crude 
oil generally priced at about a $5 to $6 per-barrel premium to the 
OPEC Basket price and about $1 to $2 per-barrel premium to Brent, 
although on a daily basis the pricing relationships between these 
crude oils can also vary greatly. 

Dubai crude oil is a benchmark for Persian Gulf crudes, and 
is light yet sour crude oil. The OPEC crude oil Basket blend is 
OPEC's benchmark and is a weighted average of oil prices col-
lected from various oil producing countries. This average is deter-
mined according to the production and exports of each country 
and is used as a reference point by OPEC to monitor worldwide oil 
market conditions. As of June 15, 2005 the basket was changed to 
represent the oil produced by OPEC members and is and is made 
up of 13 different regional oils, namely: Algeria's Saharan Blend, 
Angola's Girassol, Ecuador's Oriente, Indonesia's Minas, Iran's 
Iran Heavy, Iraq's Basra Light, Kuwait's Kuwait Export, Libya's Es 
Sider, Nigeria's Bonny Light, Qatar's Qatar Marine, Saudi Arabia's 
Arab Light, the United Arab Emirates' Murban, and Venezuela's 
BCF 17 crude oil. 

As mentioned above, because WTI crude oil is a very light, sweet 
crude, it is generally more expensive than the OPEC Basket blend. 
Brent is also lighter, sweeter, and more expensive than the OPEC 
basket, although less so than West Texas Intermediate crude oil. 

Since the marker crude system was introduced in the mid-1980s, 
there has been general industry acceptance that spot trade in these 
barrels acts as a barometer of the overall market level. Different 
grades of oil are priced on negotiable differentials to the marker 
grade. The rationale is that, in any market, the spot price repre-
sents the balancing point of supply and demand. Even though the 
volumes of oil that trade daily on a term contract basis between 
companies or governments are much bigger than those that trade 
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on a spot basis, price is determined at the margin in the spot 
market. 

For the last 20 years, price discovery in the oil market has been 
concentrated around three main regional crude oil benchmarks, 
also known as 'marker7 crudes: West Texas Intermediate (WTI) from 
the United States, Brent Blend from the UK North Sea and Dubai, or 
Fateh, crude from the United Arab Emirates. 

The relative value of different crude oils is determined by two 
main factors: location and quality. In the case of Brent crude oil 
and West Texas Intermediate crude oil, the crude produced is 
light and sweet. Both grades are produced in or near key oil con-
suming and refining centers. The twin advantage of quality and 
location mean that such a crude oil can command a relatively 
high price. 

West Texas Intermediate crude oil is widely used in the pricing of 
US domestic crudes, as well as oil imports into the US. Brent crude 
oil has become the de facto international oil benchmark partly 
because of its location and partly because it is a good quality oil 
that can be used by a wide range of refineries. The physical value of 
North Sea Brent crude oil is widely used in benchmarking the bulk 
of oil from the North Sea, West and North Africa, Russia and Central 
Asia, as well as large volumes from the Middle East heading into 
western markets. Dubai, meanwhile, is a medium-to-heavy, low-
sulfur crude oil that is typical of the grades produced in the Persian 
Gulf, but distant from consuming centers. As a result, it tends to sell 
at a lower price than Brent crude oil and West Texas Intermediate 
crude oil. 

In recent years, the production level of each of the marker 
crudes has fallen; and in the case of Dubai, it has fallen drasti-
cally. Meanwhile, the proportions of heavier and sourer crudes 
that change hands in the term market have grown relative to light, 
sweet production (Swain, 1991,1993,1998,2000). In fact, more than 
half the world's produced oil is heavy and sour in quality and this 
proportion is expected to increase (Chapter 2). 

Middle Eastern crudes, typified by the heavy sour volumes that 
flow through the Strait of Hormuz, have grown in importance as a 
supply source for markets in both east and west. The dominant role 
of Saudi Arabia, the world's largest oil exporter, has been a factor 
in this, as the kingdom has the only immediately available spare 
capacity among OPEC member nations. Meanwhile, Russia has 
emerged as a major supplier to western markets after a period of 
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decline in the early 1990s, but most of the oil exported from Russia 
is also relatively heavy and sour in quality. 

In fact, the Russian benchmark crude, known as Russian Export 
Blend, is a mixture of several crude grades used domestically or 
sent for export. The Export Blend is a medium, sour crude oil with 
an API gravity of approximately 32 and a sulfur content of approxi-
mately 1.2% by weight. 

While supply has typically become poorer in quality (Swain, 
1991, 1993, 1998, 2000), with more heavy and high-sulfur crude 
oil in the mix, the demand for products has veered the other way; 
demand for light products has grown most rapidly. On the other 
hand, the demand for residual fuels from utilities has declined 
mainly because of substitution by gas. Meanwhile, the quality 
requirements for light products have become ever stricter. Sulfur 
levels in transportation fuels have tightened relentlessly — a 
trend that has accelerated since 2000 when leaded fuel was out-
lawed within the nations of the European Union. Furthermore, 
the sulfur content of gasoline and diesel are now below 50 ppm 
in Europe and the United States. Similar rules are being applied 
in many of the industrialized Asian countries and much of the 
developing world is heading in the same direction, although at a 
much slower rate. 

This disparity between crude oil and product quality will con-
tinue to widen, although most petroleum economists concur that 
production from the North Sea and within the United States is on 
the decline relative to demand in the coming years considering 
that both Europe and North America more dependent on imported 
oil. These imports are likely to be increasingly supplied from the 
regions with the biggest reserves, such as the nations concentrated 
in the Persian Gulf, and are mainly sour in quality. Other countries 
with large reserves, such as Venezuela and Russia, also typically 
produce heavier sourer crudes. 

As the world becomes critically more reliant on heavier and 
higher sulfur streams, it is the sour crude that is gradually assum-
ing more importance in the price discovery process. Another prob-
lem is the declining production of benchmark crude oils. Thus, 
Urals crude in Europe and Mars crude oil blend in the United 
States have emerged as alternative benchmarks to their sweet 
counterparts Brent and West Texas Intermediate crude oil. This 
change in emphasis has been encouraged by the extreme volatility 
seen in recent months between light sweet and heavy sour crude 
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oils, which can be extremely problematic for setting monthly 
official selling prices. 

In summary, a benchmark crude oil (or a marker crude oil) 
is a crude oil or crude blend that is freely traded on a selected 
cash and futures market according to specified rules. West Texas 
Intermediate is traded only in the New York Mercantile Exchange 
in New York, and Brent crude oil is traded only in the International 
Petroleum Exchange; while Dubai-Oman crude oil is traded in 
Singapore. 

However, much of the world crude oil trade does not involve 
benchmark crude oils. The purpose of trading in the benchmark 
is almost purely for monetary protection by energy industry users 
of other crude oils against future price movements that would 
harm their profit positions. In this sense, purchasing benchmark 
crude is a form of protection on owned or promised inventory of 
crude oil. 

But while the two largest benchmarks, Brent and West Texas 
Intermediate, are light and sweet, most of the world's crude trade 
is in heavy sour crude oil. At best, the existing benchmarks pro-
vide some contra-price movement protection, but the Dubai-Oman 
crude oil blend was established as a Middle East benchmark to 
better estimate the market price for heavy, sour crude oil. 
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5 
The Petroleum Culture 

The definition of crude oil is confusing and variable (Chapter 1) 
and has been made even confusing by the introduction of other 
terms that add little, if anything to petroleum definitions and ter-
minology (Speight, 2007; Zittel and Schindler, 2007). For example, 
lately it has been pointed out that there are different classification 
schemes: based on economic and/or geological criteria (Speight, 
2007). The economic definition of conventional oil is "conventional 
oil is oil which can be produced with current technology under 
present economic conditions." The problem with this definition is 
that it is not very precise and it changes whenever the economic or 
technological aspects of oil recovery change. In addition, there are 
other classifications based on API gravity such as "conventional oil 
is crude oil having a viscosity above 17°API". However, these defi-
nitions do not change the definition stated elsewhere (Chapter 1) 
that is used through this book. 

Whatever the definition, petroleum is a finite resource and for the 
past five decades, since the first postulations of resource depletion 
(Hubbert, 1962), many scientists and engineers have warned of its 
continued depletion leading to exhaustion of the available resources. 
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It is assumed with some degree of justification that the extraction of 
oil, like that of other nonrenewable resources, will follow a parabolic 
(bell-shaped) curve over time and the only unknown is the charac-
teristics of the slope on the depletion side of the curve. 

Crude oil is no different than many other natural resources inso-
far as production rises quickly at first and then gradually slows until 
approximately half the original supply has been exhausted; at that 
point, a peak in sustainable output is attained and production begins 
an irreversible decline until it becomes too expensive to recover the 
remaining in-ground material. In accordance with Hubbert's postu-
late, many scientists and engineers believe that the midway point in 
the depletion of the original world petroleum inheritance has been 
reached and severe depletion of the resource is already underway. 
On the other hand, there are opposing claims to the effect that the 
peak of oil production is still a year or maybe decades away, and the 
world has not yet reached the depletion side of the bell curve. 

However, it is certain that the reserves of crude oil are being 
depleted and the discovery of new fields has slowed. In fact, many 
scientists and engineers conjecture that new giant oil reservoirs are 
waiting to be discovered while the opposing view that there are 
no new giant oil reservoirs holds at least equal weight. If this latter 
opinion is the case, as the world sinks into crude oil oblivion, it is 
worth considering the phenomenon of the petroleum culture since 
this has a high influence on petroleum economics. 

In part, many ancient cultures collapsed because of their inabil-
ity to maintain important resources that allowed society to flourish 
(Tainter, 1988). Indeed, the development of the modern world 
focused and became heavily dependent on the recovery and use 
of petroleum. As of late, this has taken a serious turnabout because 
some of the most promising new oil discoveries have turned out 
to be very disappointing in terms of the amount of the resources 
contained in these fields (Cooper and Pope, 1998). 

The economics of a petroleum-based culture involves energy 
resources and energy commodities, including: 

1. Forces motivating firms and consumers to supply, 
convert, transport, use energy resources, and to dis-
pose of residuals 

2. Market structure and regulatory structures 
3. Distributional and environmental consequences; eco-

nomically efficient use. 
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Such a culture should recognize: (1) energy is neither created 
nor destroyed but can be converted among forms, and (2) energy 
comes from the physical environment and ultimately returns there. 
In addition, energy demand in such a culture is derived from pref-
erences for petroleum products that depend on properties of con-
version technologies, as well as cost of the technologies. Petroleum 
resources are depletable or renewable and storable or non-storable. 
Crude oil is a depletable resource and market forces may guide a 
transition back to renewable resources. 

As of year-end 2008, global crude oil supply and demand was in 
tight balance, resulting in the rapid increases in crude oil prices 
and price volatility between 2007 and 2008. As the benchmark West 
Texas Intermediate crude oil exceeded $145/bbl in mid-2008, the 
world began to see a moderation of demand growth caused by high 
prices. Crude oil demand actually decreased in the United States, 
Western Europe, and Southeast Asia, while demand growth mod-
erated in the fast economic growth countries such as Brazil, Russia, 
India and China. Global crude oil demand growth of 2% per year, 
which had characterized 2000-2006, was cut nearly in half a cou-
ple years larer by the cumulative impacts of higher petroleum 
prices, lower global GDP, and mandated production and use of 
biofuels. Claims that high oil prices were being driven by futures 
market speculation (dry barrel participants), profiteering by oil 
companies and the withholding of supply by OPEC are con-
spicuously absent from this government assessment. During 2007 
to 2008, geopolitical concerns over some major oil supplier output 
(Nigeria, Iraq, and Venezuela) contributed to oil price volatility. 

Over the longer term, primary global energy demand is expected 
to increase by 50-60% by the year 2030, driven primarily by popula-
tion growth and the desire for better living standards. Conventional 
oil and gas alone are unlikely to satisfy the demand growth in its 
seminal 2007 report, and called on the development of supplemen-
tal energy sources such as clean coal, biofuels, alternative renewal 
energy, nuclear, and non-conventional fossil fuels (Chapter 9). 

Thus, in early in 2009, the state of oil-supply predictions covers a 
wide range of opinions and it is important to assess the main alter-
natives (Speight, 2007, 2008). 

However, an even greater problem may be that an increasing 
number of politicians and company decision-makers sense that 
technology will resolve this issue as it has done before and will do 
so again. This line of thinking may be courting disaster. 
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5.1 The Petroleum Culture 

The production of energy from various sources has played a 
major role in the history of human culture (Henry, 1873; Forbes, 
1958a, 1958b, 1959,1964; Hoiberg, 1964). These developments have 
increased the comfort, longevity, and affluence of humans. It was in 
the 20th century that petroleum became the predominant hydrocar-
bon energy source and has played major role in the advancement 
of human culture ever since (Munasinghe, 2002); there continues 
to be a strong connection between energy and economic activity 
for most industrialized and developing economies (Sadorsky, 1999; 
Hall et al, 2001; Tharakan et al, 2001; Smulders and de Nooij, 2003; 
Speight and Cockburn, 2008). 

5.2 Oil in Perspective 

5.2.1 History 

The use of petroleum and petroleum derivatives had been known 
for millennia (Cobb and Goldwhite, 1995). However, the petroleum 
culture (or Petroleum Age by analogy to the Stone Age, Bronze Age, 
and Iron Age) started in Titusville, Pennsylvania on August 27, 
1859 when self-styled "Colonel" Edwin L. Drake, the first wildcat-
ter, struck oil and transformed the northwestern portion of the state 
into an economic boomtown. 

Briefly and by way of explanation, a wildcatter is a person who 
drills searches for oil and drills wells in areas that are not known 
to be oil fields. The term originates from drillers in west Texas who 
would clear prospective fields of wildlife, including the ever-pres-
ent feral cats. Generally, the drillers would hang the pelts of the 
dead cats in the rigging of the finished derricks, from which these 
exploratory wells (wildcat wells) and later those who prospected 
for them, eventually took their name. 

Colonel Drake was prompted by the efforts of George Bissell, 
a Wall Street attorney and investment broker, to extract rock oil 
(petroleum) from the ground to serve as an illuminant to replace 
whale oil, which was becoming more and more difficult torn obtain 
(Henry, 1873). Benjamin Silliman developed the process of refining 
the oil to a usable flammable liquid, and the final illuminating oil 
product became known as kerosene. 
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In 1865, John D. Rockefeller exploited the discovery or petroleum 
and founded Standard Oil based on a fledgling refinery business 
in Cleveland, Ohio. Pipelines were built to bypass the high cost of 
delivering the wooden barrels (formerly whiskey casks) and even-
tually these pipelines linked the Pennsylvania fields to railroads 
which sent the oil and kerosene to markets in the industrialized 
northeastern United States. During this time, Rockefeller bought 
and consolidated the supply and distribution sectors under one 
company banner making Standard Oil an effective and self-sustain-
ing company. 

In 1873, Russia also commenced development of a modern petro-
leum industry in Baku (Caucasus region). Oil has been produced 
from this region for several hundred years — perhaps even millen-
nia — but there was not regular industry in 1873. At the time, the 
Nobel family, of Nobel Prize fame, purchased an embryonic refin-
ery and commenced to increase oil production as well as distribu-
tion with the first efficient tanker ship. 

A few years later, Marcus Samuel, the son of a London shell mer-
chant, established an extensive trade business with Far Eastern 
connections to ship kerosene to the rest of the world. He joined 
forces with the Rothschild family, and in 1891, he was shipping the 
illuminant oil from the Caucasus through the Suez Canal to Hong 
Kong and the Dutch East Indies. At the same time, Royal Dutch Oil 
was exploiting far eastern oil, and eventually Samuel's Shell Oil 
and the Rothschild family joined the company to become known as 
Royal Dutch Shell. 

The production of automobiles by Henry Ford in 1896 spurred 
demand for a liquid fuel to power the vehicles, and, to meet that 
demand, prospecting for oil led to the discovery of the Spindletop 
field in Beaumont, Texas, in 1900 followed by discoveries of oil 
fields in California and in Oklahoma. This facilitated the birth of 
more oil companies with names including Sun, Texaco, and Gulf. 
Unfortunately, as had happened in Pennsylvania, over-production 
in Texas resulting from poor reservoir management drove prices 
down very quickly and the profit interests in petroleum were mark-
edly diminished. 

However, this did not kill the need for crude oil. Although it 
did suffer setbacks in the early development of various fields, the 
industry was resilient and expanded phenomenally as the demand 
for petroleum products grew. The need for kerosene as a fuel for 
illuminating lamps varied as electricity and the incandescent lights 
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grew to maturity and became readily available (Davis, 2003). The 
deciding factor often cited for the expansion of the petroleum 
industry is the development of the automobile. However, this 
development, plus the need for fuel for military vehicles (including 
aircrafts), assured the future of the petroleum industry. As a result, 
the powerhouse of petroleum reserves was starting to emerge. 

5.2.2 The Middle East Emerges 

Several countries of the region defined as the Middle East are 
classed as oil-rich because of the reserves of oil contained in forma-
tions below the surface the earth, but within their receptive bor-
ders. However, to put the current circumstances in the Middle East 
into perspective, it is imperative to observe the history of oil dis-
covery and production both in the domestic United States and in 
other countries. 

Various exploratory ventures were launched in Persia (later 
Iran) at the turn of the 20th century. The first site chosen was at 
Chiah Surkh amidst the mountains of what is now northeastern 
Iraq. Oil was discovered in 1903 after a year of drilling and con-
stantly challenging supply and political problems leading to host of 
financial problems. The British government got into the act through 
the intermediary of Thomas Boverton Redwood, a member of the 
Admiralty's Fuel Oil Committee, who brokered a bailout under the 
auspices of Burmah Oil, a British source of crude oil in Rangoon. 

Since the advent of fuel oil, the British navy recognized that the 
future of ships lay in oil-powered vessels, and, because the Persian 
wells were proving reliable, the role of security would become the 
responsibility of the British navy. The formal nature of the part-
nership was defined by Lord Lansdowne in the House of Lords in 
1903, with the Lansdowne Declaration: 

The British government would regard the establishment of a 
naval base or a fortified port in the Persian Gulf by any other 
power as a very grave menace to British interests, and we 
should certainly resist it with all the means at our disposal 
(Yergin,1991). 

The name of the concession was the Concession Syndicate 
(Wilson, 1941), but it would grow to become British Petroleum 
(Yergin, 1991). 
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In 1906, the Concession Syndicate capped the northern fields 
and moved the operation south where access was easier and pros-
pects better. When the Shah was deposed and a new or Parliament 
took over, the British and the Russians decided to section Persia. 
As a result of this sectioning, the Russians would cover the north 
and the British would cover the south. Oil started to flow in 1912 
by means of a 138-mile pipeline to a refinery in Abadan on the 
Shatt-al-Arab waterway between what would eventually become 
the border of Iran and Iraq. 

In order to deny the ever-increasing German navy the access 
to this oil, the British government would buy 51% of the Abadan 
refinery concern and, in addition, the British fleet was granted a 
20-year contract for fuel oil. The first quasi-nationalized company 
takeover had occurred. 

World War I broke out in 1914, and from the beginning, it was a 
war fought with land machines and aircrafts powered by petroleum 
products. This served to increase the demand for crude oil and carried 
the war to areas other than the Western Front. The demand for oil was 
such that countries that had no interest in the war became embroiled 
in the conflict as the right to oil were fought over with untold violence 
and, not forgetting the obvious, political maneuvering (Yergin, 1991). 

In the United States, the demand for automobiles was underway 
(Setright, 2004) and the effect on gasoline demand was appreciable 
leading to concern about depletion of the domestic supply of petro-
leum. As a result, a geological expedition was dispatched to Iraq 
to determine if in fact there was oil. Drilling began in Baba Gurgar 
near Kirkuk, and, within six months the drillers struck oil. 

At this time, oil was seen as a truly rich resource, and between 
World War I and World War Π, thoughts of nationalization spread. 
In fact, the Shah of Persia seized the assets of the Anglo-Persian oil 
Company in November 1932, leading him to seek a greater percent-
age of wealth from oil. This led to a new agreement in which Persia 
was guaranteed a fixed royalty, regardless of market price of oil. 

The 1930s depression had affected the Saud dynasty as it had most 
of the world and as such the king of Saudi Arabia, founded on the 
unification of various tribal territories by Muhammad Ibn Saud aided 
by followers of Muhammad Ibn Abdul Wahab, also saw the poten-
tial wealth that lay being an oil industry. During a search for a viable 
water source, several promising oil sites were noted, and, after oil was 
discovered in Bahrain, Ibn Saud decided it would be in his country's 
best interest to develop any oil fields that could be identified. 
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In the meantime, the Amir of Kuwait, Sheikh Ahmad, witnessed 
the events in Bahrain and Saudi Arabia and also decided that oil 
was to be a large part of his country's future. In quick succession, 
oil was struck in Kuwait on February 28,1938, followed in March 
by discoveries in Saudi Arabia, and, in April 1939, King Ibn Saud 
opened the pipeline feeding the terminal at Ras Tanura and oil 
flowed to a waiting Socal tanker. 

Unfortunately, the best-laid plans were not executed and World 
War II caused the cessation of virtually all crude oil production in 
the Persian Gulf. 

In 1943, President Roosevelt authorized Lend-Lease assistance 
to Saudi Arabia to tie US national security to Middle Eastern oil. 
Further measures were taken to acquire ownership of foreign 
reserves through the newly created government entity known as 
the Petroleum Reserves Corporation, but the oil companies reacted 
strongly to the idea of nationalization of American corporations 
and the plan was abandoned. 

Before 1956, Egypt did not possess oil wealth, but it did have the 
Suez Canal through which flowed two-thirds of Europe's oil supply. 
In 1954, King Farouk was deposed and General Gamal Abdel Nasser 
rose to power took on the role of president. The general was faced 
with national economic hardship and decided to raise revenues 
from transit fees through the canal. This required that he had to get 
control of the canal by displacing the Suez Canal Company, which 
was not an Egyptian venture but joint venture of Britain and French. 

General Nasser often advocated the use of oil as an economic 
weapon but failed to garner support from many of the oil-produc-
ing Arab countries. After General Nasser died in 1970, Anwar Sadat 
ascended to the position President, and, in 1972, he had tried to 
induce the oil-producing Arabian nations to use the oil weapon, but 
King Faisal of Saudi Arabia disagreed. His rationale was that Egypt 
had been politically unstable for some years, and while Egypt was 
moving closer to trade and weapons agreements with Russia, the 
United States (linked to Saudi Arabia by similar agreements) was 
projected not to need Arab oil until 1985; therefore, the oil weapon 
would only hurt Saudi Arabia. 

As it turned out, by 1973 (more than a decade earlier that projected 
by King Faisal), they had become dependent on Middle Eastern oil 
by 1973, which placed Saudi Arabia firmly in a position of control 
and instituted an embargo because of the support of Israel by the 
United States. As a result, the oil weapon fell into place and was 
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used with great effect. Consumers in the United States were finally 
confronted with the real nature of their energy dependence, which 
bolstered the emerging environmental movement. And, finally, the 
oil-producing countries had tasted power and were ready to con-
solidate their position. The impact on the United States was that 
inflation became embedded in the economy, based in large measure 
by the increasing price of crude oil. 

The oil-producing countries strengthened their position but had, 
at this time, not achieved full cartel status. In fact, soon after this, all 
of the oil-producing countries were at maximum capacity, with the 
exception of Saudi Arabia. 

Furthermore, in 1974, the Saudi Arabia took 60% of Aramco 
(Exxon, Mobil, Texaco, and Chevron), and finally, in 1976, Aramco 
was disbanded and the Saudi government (i.e. the Saud family) 
took control of the estimated 149 billion barrels of reserves. The 
new arrangement allowed the companies to have access to 80% of 
production while being compensated 21 cents a barrel for operating 
the production services. 

The post-embargo period was represented best by the scramble 
for oil everywhere by everyone at any price. While that was hap-
pening, exploration and development was targeted at western 
countries where nationalization was not a concern. 

In 1969, Phillips Petroleum struck oil in the North Sea with British 
Petroleum (now BP) also striking oil in 1970; Shell and Exxon dis-
covered the Brent field joined them in 1971. By 1975, oil flowed 
from offshore pipelines to British refineries. However, the British 
government considered nationalizing their portion of the field and 
formed the British National Oil Corporation (BNOC), which held 
title to the government's concession and the right to buy 51% of 
North Sea production. 

By the 1980s oil was considered to be a commodity and became 
a tangible asset that was traded like any other commodity, such as 
gold and money. As domestic production increased in the United 
States, Exxon terminated the Colony Oil Shale project and also cut 
back on oil exploration in 1982. In addition, shipping became more 
efficient and the Alaska pipeline boosted output that contributed to 
an excess of oil due to the increased supply from non-OPEC coun-
tries, which even surpassed oil production from the OPEC members. 

By this time, the OPEC member countries had changed the way 
that oil was handled on the market and had finally become a cartel 
insofar as they price and production. In short, the market economy 
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of oil had made it a true commodity. The market shifted from OPEC 
to the New York Mercantile Exchange in 1983, and the futures mar-
ket now included oil as a speculative commodity. With this shift, oil 
companies moved from production to speculation on the open mar-
ket, but the pivotal moment was when the benchmark crude went 
from Arab Light crude oil to West Texas Intermediate (WTI) crude 
oil, reversing the move made two decades earlier when Arab Light 
crude oil had replaced Texas Gulf Coast crude oil as the benchmark 
crude oil. 

In 1984, the OPEC member countries found that the quota sys-
tem they had instituted was flawed. Most member countries had 
programs that, if they were not an outright sale of oil, then it was 
through barter trade for military hardware and industrial goods 
and the crude oil market was in a state of oversupply. The OPEC 
members had the option to lower prices or continue to prop up the 
prices with a continued loss of market share. 

However, at a meeting in fall of 1985, the members collectively 
declared a price war. After the author's return from Iraq, where 
he had a meeting with Vice President Sadam Hussein, the author 
warned of such an event but the idea was dismissed and even 
called ludicrous by a so-called energy economist for an academic 
institution. Yet, it happened. Oil was a truly an economic weapon 
and the result was economic warfare. 

The end of the 1980s conveyed the state of affairs in the oil indus-
try. The member-countries (i.e. the producers) had taken over crude 
oil production and the oil companies were reduced to the rank of 
contractors. Even though consumers fought back and took their 
purchasing power to producers where the price was right, stability 
had not been reached. 

5.2.3 Recent History 

Between 1991 and 2003, there were notable events that shaped the 
oil industry and international economies. The spike in prices after 
the Gulf War reached a high, but quickly shrunk after the United 
States released some of the Strategic Petroleum Reserves. The for-
mer Soviet Union broke up and the former republic's oil-producing 
countries started to court the world market, which further reduced 
oil prices. However, the OPEC members raised prices while raising 
production to the highest level in decades. Kuwait defied the OPEC 
quotas to finance reconstruction and prices immediately decreased. 
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Prices peaked during the 1995 to 2000 period, and supply began 
to swell when Iraq re-entered the market under the UN-sanctioned 
Food-for-Oil program, which drove prices down. OPEC adjusted 
by trying to match cheating with increased production, and oil 
prices plummeted to pre-embargo levels due to anticipated Asian 
consumption, which never materialized because of the economic 
crisis there. Between 1999 and 2000, cuts by the OPEC members 
and increased demand, due to cold weather and resupply of low 
stocks, increased the price of oil. 

Recession in the US contributed to price declines in 2000, and the 
September 11th attacks of 2001 pushed them even further down. 
In 2002, with Venezuela in turmoil, prices went even lower, causing 
companies to immediately stockpile for seasonal and financial rea-
sons. By winter of 2003, prices had rebounded due to cold weather 
and renewed talk of hostilities with Iraq. Profits for companies 
were at an all-time high as stocks were sold in preparation for the 
coming war with Iraq. 

The reintroduction of Iraq as an oil producer may have profound 
effects in global oil prices, but the prospects for Iraqi face political 
impediments (Shafiq, 2009a, 2009b). There are no giant oil fields 
being discovered and all of the previous economic issues have 
forced the petroleum industry to streamline the distribution pro-
cess to soften the blow of supply interruptions. However, expansion 
of global demand for crude oil is expected to increase from 80 to 
85 million barrels per day to approximately 120 million barrels per 
day by 2020. Therefore, cooperation is vital to avoid disruption and 
the ensuing economic hardship. Furthermore, the world will not be 
replacing crude oil as the primary energy source any time soon, no 
matter how much energy is projected to come from alternate sources. 

In summary, this invokes the concept of geopolitics or the poli-
tics of oil: a friend today could be an enemy tomorrow. 

5.3 The Seven Sisters 

In the past, there have been frequent references to a group of oil 
companies generally referred to as the seven sisters, from a phrase 
first made popular by Italian oil tycoon Enrico Mattei: Exxon (Esso), 
Shell, BP, Gulf, Texaco, Mobil, and Chevron (Socal) (Sampson, 1975). 

The rise of the seven sisters can be attributed to happen-
stance starting in 1904 when Calouste Gulbenkian, an Armenian 
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businessman, reported to the Turkish Sultan Abdul Hamid on the 
oil potential of the then Turkish provinces. The Sultan, realizing 
that oil was a worthy possession, transferred large areas into his 
own personal possession. In 1914, the Iraq Petroleum Company 
was formed as a result of an agreement between British and Dutch 
companies. In 1928, 95% of the Iraq Petroleum Company was 
divided equally between the British (BP), the Dutch (Shell), the 
French (CFP, the Compagnie Française Pétrole), and a Rockefeller-
controlled American group (Exxon and Mobil); the remaining 5% 
went to Mr. Gulbenkian, and the other 95%. 

In 1908, the Anglo-Persian Oil Company, which eventually 
evolved into BP, discovered oil in Iran, and shortly thereafter in 1911, 
Winston Churchill, First Lord of the Admiralty, used Government 
money to buy half of the company on behalf of the Royal Navy. 
Churchill also decided that new British battleships would be fueled 
by oil rather than coal, and the Iranian supplies were very valuable 
to the British in World War I. 

American companies, in the light of vast oilfields being discovered 
in Texas and California, were unwilling to explore abroad. However, 
the US government began to use considerable political and economic 
pressure to try to force American companies into the European-
dominated consortia in the Middle East. In the 1920s, new fields came 
on line and there were serious concerns about excessive supplies of 
oil. By 1928, there were negotiations between BP, Shell, and Exxon 
leading to the Achnacarry Agreement, which set out working prin-
ciples to avoid competition at the marketing end of the oil industry. 
The agreement had to exclude the US domestic market because of 
the new anti-trust legislation, but as a consequence of the Achnacarry 
Agreement, each large company could feel that it would be able to 
negotiate a market share for its oil without the danger of a price crash. 

Briefly, the break-up of the Standard Oil in 1911 had effectively 
warned off any overt attempts at controlling the large American mar-
ket, but the same constraints did not apply to the rest of the world. 

After 1928, the era of the great Middle East oil strikes began, 
though Middle East production remained low. On June 1, 1932, 
SoCal (now Chevron) struck oil in Bahrain, the first strike in the 
Arabian Peninsula. In 1933, BP extended its Iranian lease for another 
60 years and Gulf joined with BP to explore a Kuwaiti concession 
in 1934. In 1938, Gulf and BP discovered oil in what was to become 
the Burgan field in Kuwait, and Chevron struck oil in Saudi Arabia, 
which was marketed through Texaco's global sales network under 
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the name Caltex, while the Saudi part of the partnership became 
known as xi (Arabian American Oil Company). 

On October 3 1930, an independent wildcatter discovered the 
giant East Texas field, and more crude oil began to flow into the 
US domestic market in 1931. The oil companies began to buy up 
leases in the new fields, but the quantity of oil was too great to be 
absorbed easily, and the East Texas fields were soon producing a 
million barrels a day, one-third of all United States production. 

The major oil companies had control over crude oil refining and 
product marketing through a system that was already tightly con-
trolled. The companies could, in fact, state what they would pay for 
crude oil from the new fields and, as the new oil began to flow, that 
price was about $0.70 per barrel. At this time, the oil companies were 
concerned about overproduction because it was clear that pumping 
oil too rapidly from a field could damage long-term production. As 
a result, in November 1932, the Texas legislature passed the Market 
Demand Act, which defined prohibitable waste as any production 
that was in excess of market demand. As soon as the Act became 
law, the majors dropped their offering price to $0.25 per barrel on 
January 1933, and then to $0.10 per barrel. Production was cut dra-
matically as market demand dropped. The major companies then 
stepped in and bought up tens of millions of barrels at extremely 
low prices before many of the independents went out of business. 

In 1935, the Congress of the United States passed an Interstate 
Compact to Conserve Oil and Gas, as well as the Connally Act, 
which assigned production quotas to each State and the legisla-
tion was used to hold down production in order to maintain sta-
ble prices. Another impact on United States domestic oil supplies 
was the policy decision to serve the domestic market largely from 
American oil wells so that the United States would not become too 
dependent on foreign oil and the cheap foreign oil was kept out of 
the United States while domestic fields were being depleted. 

In 1947, oil profits were high. Saudi Arabian crude oil cost $0.19 
a barrel plus $0.21 royalty, and Bahrain oil cost $0.10 a barrel plus 
$0.15 royalty. Consumers were paying $1.80 a barrel and more 
for that same crude oil. Profit margins increased in the 1950s and 
1960s while production costs decreased. The volume of oil shipped 
increased, and the advent of supertankers decreased shipping costs 
while selling prices were increased. In the late 1960s, Middle East 
oil that was delivered to Europe and the United States at $2.00 or 
more per barrel had cost much less to produce and transport; some 
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estimates indicate that the combined production and shipping costs 
were on the order of $0.40 per barrel. 

By the end of the 1960s, the seven sisters remained the dominant 
companies in world oil. Between 1960 and 1966, their share of oil 
production outside North America and the Communist countries 
had actually gone up from 72 to 76%, leaving only 24% for all other 
companies (Penrose, 1969). The seven sisters had built themselves up 
into some of the biggest corporations in history, primarily through 
the ownership of concessions in developing countries, and predom-
inantly in the Middle East. As a result, refinery complexes rose up 
along the coastlines and it even appeared that the companies inhab-
ited a place between governments and business (Hartshorn, 1962). 

By 1970, 94% of domestic oil reserves in the United States were 
held by only 20 companies. The top eight oil companies in terms 
of their holdings of domestic oil reserves were also the top eight in 
production, the top eight in refining, and the top eight in marketing: 
Exxon, Mobil, Texaco, Chevron, Gulf, Shell, Amoco, and ARCO. 

In 1972, two of the seven sisters, Exxon and Shell, dominated the 
world's oil as well as the petroleum industry (Table 5.1). Mobil was 
long regarded as Exxon's little sister, dependent on her bigger rival 
both for advice and for oil. Now, Exxon owns Mobil, and the name 
may soon disappear from the ExxonMobil logo. 

5.4 Reserve Estimates 

Most estimates of the quantity of conventional oil resources remain-
ing are based on the opinions of geologists and other scientists or 
engineers familiar with a particular region (Table 5.2) (Chapter 2). 

The ultimate recoverable resource (URR) is the total quantity of oil 
that will ever be produced, including the nearly one trillion barrels 
extracted to date (Chapter 1). Recent estimates of ultimate recover-
able resource for the world have tended to fall into two categories. 
Lower estimates indicate that the ultimate recoverable resource is 
no greater than about 2.3 trillion (2.3 x 109) barrels, and may even 
be less (Campbell and Laherrère, 1998). A higher estimate of the 
ultimate recoverable resource is 3 trillion (3.0 x 109) barrels and 
may be as much as 4 trillion (4.0 x 109) barrels of oil (USGS, 2000, 
2003). About half of the approximate 1.4 trillion (1.4 x 109) barrels 
that are predicted by the United States Geological Survey to remain 
to be discovered are from new discoveries and about half are from 
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Table 5.1 The world's 12 largest manufacturing corporations ranked by 
assets and sales in 1972. 

Rank 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Company 

Exxon* 

Royal Dutch /Shell* 

General Motors 

Texaco* 

Ford 

IBM 

Gulf* 

Mobil* 

Nippon Steel 

ITT 

BP* 

Socal 
(now Chevron)* 

Assets ($000) 

21,558,257 

20,066,802 

18,273,382 

12,032,174 

11,634,000 

10,792,402 

9,324,000 

9,216,713 

8,622,916 

8,617,897 

8,161,413 

8,084,193 

Sales ($000) 

20,309,753 

14,060,307 

30,435,231 

8,692,991 

20,194,400 

9,532,593 

6,243,000 

9,166,332 

5,364,332 

8,556,826 

5,711,555 

5,829,487 

Rank 

2 

4 

1 

10 

3 

7 

12 

8 

17 

11 

15 

14 

*The Seven Sisters. 
Source: Fortune Magazine, May and September 1973. 

reserve growth. The latter describes the process by which techni-
cal improvements and correction of earlier conservative estimates 
increase the projected recovery from existing fields. This relatively 
new addition to the United States Geological Survey methodology 
is based on experience in the Unites States, as well as in other well-
documented regions. The new totals essentially assume that petro-
leum reserves everywhere in the world will be developed with the 
same level of technology, economic incentives, and efficacy as in the 
US. Time will tell the extent to which these assumptions are realized. 

5.4.1 Historical Variation of Reserve Estimates 

Currently, the United States consumes roughly 20 million barrels 
per day with about 11.7 million barrels per day in imports. 



150 PETROLEUM TECHNOLOGY, ECONOMICS, AND POLITICS 

Table 5.2 Estimates of the remaining reserves of crude oil 
(Hakes, 2000). 

Source 

USGS, 2000 (high) 

USGS, 2000 (mean) 

USGS, 2000 (low) 

Campbell, 1995 

Masters, 1994 

Campbell, 1992 

Bookout, 1989 

Masters, 1987 

Martin, 1984 

Nehring, 1982 

Halbouty, 1981 

Meyerhoff, 1979 

Nehring, 1978 

Nelson, 1977 

Follinsbee, 1976 

Adam and Kirby, 1975 

Linden,1973 

Moody, 1972 

Moody, 1970 

Shell, 1968 

Weeks, 1959 

MacNaughton, 1953 

Weeks, 1948 

Pratt, 1942 

Volume 
(Trillions of Barrels) 

3.9 

3.0 

2.25 

1.85 

2.3 

1.7 

2.0 

1.8 

1.7 

2.9 

2.25 

2.2 

2.0 

2.0 

1.85 

2.0 

2.9 

1.9 

1.85 

1.85 

2.0 

1.0 

0.6 

0.6 



THE PETROLEUM CULTURE 151 

OPEC producers account for 2/5 of this input and Persian Gulf 
states is 1/5 of that amount with Saudi Arabia having the largest 
block at 1.5 million barrels per day. Other large contributors are 
Canada (1.9 barrels per day), Mexico (1.5 million barrels per day), 
and Venezuela (1.4 million barrels per day). Iraqi oil could replace 
any of these importers, but it would only become likely if there 
was a major disruption like the kind that happened in Venezuela 
prior to Operation Iraqi Freedom and recently in Nigeria (.5 mil-
lion barrels per day US imports). In both of those cases, OPEC took 
up the slack and continued providing the 2.5 million barrels per 
day of Iraqi production. Most of the shortfall was covered by Saudi 
Arabia. Realistically, Iraqi crude will find Asian and European mar-
kets with the US augmenting supply by courting it in negligible 
amounts. 

While most of the world's attention is on Iraq and the Middle 
East, key events have occurred elsewhere that could affect markets 
in ways that reduce the impact of the return of Iraq to the mar-
ket. Canada, which vies for the major supplier to the United States 
with Saudi Arabia at around 2 million barrels per day, increased its 
reserves from 4.9 billion barrels by 175 billion barrels of bitumen (for 
conversion to synthetic crude oil) from tar sand deposits. In terms 
of heavy oil, overall increases in efficiency and industry advances 
could add as much as 125 billion barrels to global reserves. 

On the other hand, with proven reserves of 48 billion barrels, 
Russia has once more entered the fray. The Druzhba pipeline 
supplies oil to Europe and the aging terminal at Novorossisk on 
the Black Sea is still a consistent outlet. However, civil unrest 
has plagued the area since the fall of the Soviet Union and the 
Bosphorus Straits is not the easiest water for large carriers to nego-
tiate and may become restricted should the Turkish government 
deem it. However, a pipeline bypass of the Bosphorus is underway 
to carry Caspian oil from Baku to Ceyhan in Turkey. In addition, 
Asia forms a ready market for oil from the Siberian fields and the 
possibility of a pipeline to China and Japan has been considered. 
In the meantime, China is seeking to develop its own heavy oil 
fields. 

5.4.2 Patterns of Use 
The best-known model of oil production was proposed by Marion 
King Hubbert, who proposed that the discovery, and production, 
of petroleum over time would follow a single-peaked, symmetric 
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bell- shaped curve with a peak in production when 50% of the ulti-
mate recoverable resource had been extracted (Oil Fields, 2008). 

Hubbert saw that the facts of geology and the realities of physical 
pumping from underground meant that oil fields typically yield an 
increasing volume of oil, the volume then stops increasing (produc-
tion hits a peak), then the volume that can be pumped out of the 
ground gradually decreases again. Put on a graph, production from 
an oil field makes a bell curve, starting low, slowly climbing, peak-
ing, slowly descending, and finishing low. The high point on the 
curve is when half of the original reserves that are easily able to be 
pumped out of the ground in national or global oilfield resources 
are gone. 

Knowing the shape of the production curve for oil fields meant 
Hubbert could take the figures on the known size of the oil reserves, 
how much oil had been pumped out of all the USA oil fields already, 
how much that still remained was recoverable, and fit these fig-
ures into a single oilfields of the United States production curve, 
representing the life and death of the totality of oil fields in USA. 
The results showed that oil production in the United States would 
increase in volume every year until 1970. It would then be at the 
peak of production, and decline thereafter. 

In 1956, Hubbert predicted in that oil production in the United 
States would peak in 1970, which in fact it did (Hubbert, 1962). 
Hubbert also predicted that the US production of natural gas would 
peak in about 1980, which it did, although it has since shown signs 
of recovery. He also predicted that world oil production would 
peak in about 2000. There was a slight downturn in world produc-
tion in 2000, but production in the first half of 2008 is running above 
the rate in 2000. 

However, Hubbert's peak is for conventional crude oil and does 
not include oil produced for heavy oil fields, nor does it include 
any potential effects from liquids produced form non-conventional 
sources such as tar sand deposits, coal, oil shale, or liquids from 
natural gas. 

In the past decade, a number of pseudo-sages have made predic-
tions about the timing of peak global production using several vari-
ations of Hubbert's approach. Various forecasts of the year of the 
global peak have ranged from one predicted for 1989 (made in 1989) 
to many predicted for the first decade of the 21st century to one 
as late as 2030 (Campbell and Laherrère, 1998). Their predictions 
begin with an a priori assumption about the volume of ultimately 
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recoverable oil. Most of these studies assumed world ultimate recov-
erable resource volumes of roughly 2 trillion barrels, and that oil 
production would peak when 50% of the ultimate resource had been 
extracted. In comparison, the United States Geological Survey low 
estimate (which they state has a 95% probability of being exceeded) is 
2.3 trillion barrels. One analysis fitted the left-hand side of Hubbert-
type curves to data on actual production while constraining the total 
quantity under the curve to two, three, and four trillion barrels for 
world ultimate recoverable resource. The resultant peaks were pre-
dicted to occur from 2004 to 2030. 

Other forecasts for world oil production do not rely on such 
curve-fitting techniques to make future projections and/or a priori 
assumptions about ultimate recoverable resource. According to the 
most recent forecast by the US Energy Information Agency, EIA, 
world oil supply in 2025 will exceed the 2001 level by 53% (EIA, 
2003). The EIA reviewed five other world oil models and found 
that all of them predict that production will increase in the next 
two decades to around 100 million barrels per day, substantially 
more than the 77 million barrels per day produced in 2001. Several 
of these models rely on the new United States Geological Survey 
estimates of ultimate recoverable resource for oil. It should be 
noted that almost all oil-supply forecasts for which we are able to 
examine the predictions against reality had a dismal track record, 
regardless of method. Most recent results of curve-fitting methods 
showed a consistent tendency to predict a peak within a few years, 
and then a decline, no matter when the predictions were made 
(Lynch, 2002). It is now a well-established fact that economic and 
institutional factors, as well as geology, were responsible for the US 
peak in production in 1970 (Kaufmann and Cleveland, 2001), forces 
that are explicitly excluded from the curve-fitting models. Thus, the 
ability (or the luck) of Hubbert's model and its variants to forecast 
production in the 48 lower states accurately cannot necessarily be 
extrapolated to other regions. It is too early to tell. 

Economic forecasts fare no better in explaining US oil produc-
tion in the lower 48 states. In the period after the Second World 
War, oil production often increased as oil prices decreased, and vice 
versa (Kaufmann, 1991), a behavior that is exactly the opposite of 
predictions of economic theory, which also assumes that oil prices 
will follow an optimal path towards the choke price (i.e. the price at 
which demand for oil falls to zero and the market signals a seam-
less transition to substitutes). In fact, even if such a path exists, 
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prices may not increase smoothly because empirical evidence 
indicates that producers respond differently to price increases 
than they do to price decreases (Kaufmann and Cleveland, 2001). 
Significant deviation from basic economic theory undermines the 
de facto policy for managing the depletion of conventional oil sup-
plies — a belief that the competitive market will generate a smooth 
transition from oil. 

5.4.3 Energy and the Political Costs of Oil 

The future of oil supplies is normally analyzed in economic terms. 
But, the economic terms are likely to be dependent on other costs. 
In earlier work, we summarized the energy costs of obtaining US oil 
and other energy resources and found, in general, that the energy 
returned on energy invested (EROI) tended to decline over time 
for all energy resources examined. This includes the energy cost of 
obtaining oil by trading energy-requiring goods and services for 
energy itself (Cleveland et al, 1984). For example, the EROI of oil in 
the US has decreased from a value of at least 100 to 1 for oil discov-
eries in the 1930s, to about 17 to 1 today for oil and gas extraction. 
Similar types of estimates for other parts of the world are unknown, 
although heavy oil in Venezuela and tar sand bitumen in Alberta 
require a very large part of the energy produced as well as substan-
tial supplies of hydrogen from natural gas to make the oil fluid. The 
very low economic cost of finding or producing new oil supplies 
in the Arabian Peninsula implies that it has a very high energy-
returned-on-energy-invested value, which in turn supports the 
probability that productivity will be concentrated there in future 
decades. Alternative liquid fuels such as ethanol from corn have a 
very low energy-returned-on-energy-invested. n energy-returned -
on-energy-invested value much greater than 1 to 1 is needed to run 
a society, because energy is also required to make the machines that 
use the energy, feed, house, train, and provide health care for neces-
sary workers. 

The means by which the various factors will play out over the 
next few decades is extremely important but also difficult to pre-
dict. Most of the remaining oil reserves are in Southern Russia, the 
Middle East, North Arica, and West Africa where stable govern-
ments are not necessarily the order of the day. 

There will continue to be high risks of international and national 
terrorism, overthrow of existing governments and deliberate supply 
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disruption in the years ahead. In addition, exporting nations may 
wish to keep their oil in the ground to maintain their target price 
range. In fact, there are considerable political and social uncertain-
ties that could result in less oil being available than existing models 
predict. 

5.4.4 Price Swings 

The price of oil, like the price of all commodities, is subject to major 
swings over time, particularly tied to the overall business cycle. 
When demand for a commodity such as crude oil exceeds produc-
tion capacity, the price will rise quite sharply because both demand 
and supply are fairly inelastic in the short run. Users of oil might 
be shocked by much higher prices, but they have commitments 
and habits that determine their energy use, and these take time to 
adjust. 

On the supply side, especially at the outer edge of existing pro-
duction capacity, adding new capacity is time-consuming and 
expensive. However, over time, both businesses and individuals 
figure out ways to cut back their oil consumption in response to 
high prices, and the high prices promote new investment in pro-
duction and the arrival of new sources in the market, gradually 
restoring a supply-demand balance. The extraordinary spike in 
prices in mid-2008 represents to a large extent the consequences 
of a brief period where global oil demand outran supply. When 
supply exceeds demand, on the other hand, microeconomic the-
ory says the price should collapse to the marginal cost of produc-
tion of the most expensive source. As the price drops, the most 
expensive wells become uneconomical and are shut down, at least 
temporarily. 

As global oil production begins to decline after peak oil, the 
medium-term volatility of oil prices is likely to be higher than 
before, because the range of production costs among all sources 
supplying the market will much greater. Major oil fields exist 
where the cost of production is relatively inexpensive and a large 
portion of the world's supply still comes from such inexpensive 
sources. 

However, it is hoped that future shortages and high prices will 
spur the development of oil sources with higher production costs, 
including deep water sites, tar sands, oil shale, and secondary recov-
ery from depleted fields. In the language of economic theory, the 
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supply curve will be much steeper than in past years, and shifts in 
demand, either u p or down, will cause relatively larger swings in 
market price. 
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6 
Oil Prices 

Petroleum economics is the field that studies human utilization 
of petroleum resources and the consequences of that utilization. 
In the simplest scientific terminology, petroleum use allows the 
production of energy. Resources can be viewed as renewable or 
depletable; petroleum falls into the latter category, which as an 
effect on pricing strategies. However, the projections of running 
out of oil are based on geology, not price. Most crude oil reser-
voirs have more than 50% of the original oil in place; many res-
ervoirs have more than 60% of the original oil in place. These are 
resources that are known to exist. Much of the oil that is left is 
trapped in tiny pores and cannot be recovered by simple pump-
ing, but requires more advanced and costly techniques covered 
under the umbrella of enhanced oil recovery (EOR) (Chapter 3). 

As noted in previous chapters, petroleum is the energy source 
that dominated the 20th century, and barring unforeseen incidents, 
will continue to be a major source of energy for the first fifty years 
of the 21st century. In fact, petroleum is also the single largest com-
modity in international trade but price volatility shows the tenuous 
nature of the trading floor when petroleum is the focus of attention. 
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However, although petroleum is a viable and extremely versatile 
energy source, it is also the most political of energy sources not only 
because the resources are for the most part located in countries that 
do not require as much energy as the non-producing countries but 
because of the frailty of the various governments. In any of the oil-
producing countries, governments can change remarkable quickly 
bringing different policies to bear on this natural resource. For this 
resource, countries have been willing to go to war, which is almost 
a catch-22 because it is a resource that is required for countries to 
wage war. 

The price of a barrel of oil is highly dependent on both its grade, 
which is determined by factors such as its specific gravity or API 
and its sulfur content (Chapter 2). Location of the oil also plays a 
role in the ultimate price, and reference to the price of oil is usu-
ally either reference to the spot price of benchmark crude oil, such 
as West Texas (light) crude oil traded on New York Mercantile 
Exchange (NYMEX) for delivery in Cushing, Oklahoma; or the 
price of Brent (North Sea) crude oil traded on the International 
Petroleum Exchange (IPE) for delivery at Sullom Voe. On the 
other hand, the United States Energy Information Administration 
(EIA) uses the Imported Refiner Acquisition Cost (the weighted 
average cost of all oil imported into the United States) as the 
world oil price. 

Crude oil prices have seen wide price swings over the past 
decade — especially over the past five years — whether it is due to 
apparent shortage or oversupply, (i.e. supply and demand factors) 
(ITF, 2008). At the time of writing, prices have seen highs approach-
ing $150 per barrel and are currently touching $40 per barrel, which 
makes the average price (a number per barrel placed on the table by 
some economists) seem meaningless. While the average price may 
be meaningful to the statisticians in Washington DC, the real price 
of crude oil is another matter because of the real price of petroleum 
products, such as gasoline, may be an affordable $1.50 per gallon or 
an expensive $4.00 per gallon and not a stagnant, reasonable aver-
age of $2.75 per gallon. Even when adjusted for inflation to cur-
rent dollars, an average price per barrel bears little relationship to 
reality, especially when the consumer cannot afford the products 
or must go into financial hardship because of the need for crude oil 
products. 

To use an average price is to hide the truth of the barely or 
unaffordable higher prices. The analogy often used is a scientist or 



OIL PRICES 161 

engineer standing with his left foot in a pail of boiling water and his 
right foot in a pail of ice water and declaring that he is comfortable 
because he is at average temperature. 

In summary, the very long-term view of petroleum pricing can 
be considered in the same way. Average prices, even when adjusted 
for inflation, do not help the consumer who has to bear the brunt 
of the price increases. But, that is only part of the story — the rest 
follows. 

6.1 Oil Price History 

As the 20th century began, petroleum was being found, produced, 
and wasted. In the United States, the oil-producing states had to 
step into the production of petroleum to protect their resources. 
The relatively short producing life and resultant failure of the 
Spindletop field was one of the tragedies caused by a development 
that was based on haste, perhaps even on greed through applica-
tion of the I-want-it-now scenario and the resulting too-much-too-
soon scenario. 

As the industry progressed in the United States, changes were 
necessary, and after World War II, the global nature of crude oil 
changed the supply structure. Historically, crude oil prices have 
varied from $2.50 to about $3.00 in 1957 to almost $150 per barrel 
in the late summer of 2008. In the early part of this time period, the 
oil-producing countries found increasing demand for their crude 
oil but, as US demand increased and foreign supplies of petroleum 
became available, prices were largely defined by what refineries, 
usually owned by the larger oil companies, were willing to pay. 
This system worked fine for refineries but not for the producers. 

In 1972 the price of crude oil was about $3.00 per barrel, and 
prior to October 1973, the world oil suppliers had very little say in 
setting the oil prices — the oil importers (i.e., the oil companies) set 
the prices. As a result of the Arab-Israeli war of 1973, oil became 
the weapon of political pressure and the OPEC member nations 
became assertive and organized; oil prices increased to $12 a barrel 
in 1974. The United States went into a major economic recession 
from 1981 to 1983 and the demand for oil was reduced and oil-
producing nations kept pumping oil in competition to each other to 
maximize cash inflow. As a result, oil prices decreased, and in 1985, 
prices were again on the order of $13 — close to the price as in 1974. 
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The crude-oil price spike of the early 1970s was due to an 
embargo imposed by the Organization of Petroleum Exporting 
Countries (OPEC). Less oil without an immediate corresponding 
decline in oil demand drove prices up. Even if businesses could pay 
the higher price, they could not get the oil they needed to sustain 
the pace of economic activity. As a result, real output slowed and 
costs rose. This put pressure on profit margins, which in turn forced 
businesses to boost prices. Meanwhile, workers expected prices to 
continue to rise and demanded even higher wages. Without cor-
responding productivity gains, this led to stagflation later in the 
decade (Laufenberg, 2007). 

In mid-1985, oil prices were linked to the spot market for crude, 
and by early 1986, prices decreased to the lowest levels since the 
early 1970s and moved downward to $8 to $10 per barrel. The price 
of crude oil rose again in 1990 with the Iraqi invasion of Kuwait 
and the ensuing Gulf War, but following the cessation of hostilities, 
crude oil prices entered a steady decline. However, since then, the 
demand in the United States and Europe has increased approxi-
mately 6 to 8% a year, which has, at times, been a strain on crude 
oil supply. 

From 1990 to 1997, world oil consumption increased by more 
than six million barrels per day, but the price increases came to an 
end when, due to downward trends in several Asian economies, 
higher OPEC production sent prices downward. In late 1997 sev-
eral events combined to initiate a precipitous drop in world oil 
prices: 

1. Asian economies, which had been generating 
the greatest increases in petroleum demand, suf-
fered substantial contractions causing a lowering 
petroleum use. 

2. The OPEC member nations, who may have mis-read 
this situation, agreed to increase oil production. 

3. The Northern Hemisphere benefited from a mild 
winter and the demand for crude oil and crude oil 
products was reduced. 

4. Weakness in the Russian economy resulted in higher 
exports of Russian petroleum. 

5. Venezuela and Saudi Arabia engaged in a market 
share battle that led to higher volumes of petroleum 
exports. 
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As a result of the First Gulf War, petroleum production by Iraq 
was defined by the United Nations' sanctions program. In addi-
tion, the United Nations allowed Iraq to increase the amount of oil 
it could produce and sell; at the beginning of 1998, Iraq exported 
approximately 500,000 barrels/day of crude oil, but by the begin-
ning of 1999 Iraq was exporting 2.5 million barrels/day At the same 
time, other OPEC countries were reducing production as a means 
of controlling oil prices, but this was offset by the increases in Iraqi 
crude oil production and oil prices were on a downward slope. 

In March 1999, the OPEC members agreed to reduce exports to 
the oil consuming countries; at this time Mexico, Norway, and other 
(until then non-OPEC) oil-producing countries joined the OPEC 
cartel. As demand increased, prices were affected, and by the end 
of 1999, oil prices had returned to 1997 levels. The consequences 
of price reductions were obvious in a net loss of upstream jobs 
and oil rigs no longer in use. From 1999 onwards, new influences 
entered the oil price market. China and India added on to the mar-
ket demand as importers. India had a rapidly increasing economy 
thereby placing increasing the demand for oil and, by 2000, prices 
had increased to approximately $27 per barrel. 

In March 2000, OPEC acted to increase production but when the 
OPEC members had agreed to cut production Saudi Arabia agreed 
to the biggest individual reduction to offset the increased production 
share that Iraq had acquired. However, when increases in production 
were being considered, no OPEC member country wanted to relin-
quish market share in favor of Saudi Arabia, but many of the member 
countries had now lost their previous production capacity. 

OPEC members began to try to control production to keep crude 
oil within a price band ranging from $22 per barrel to $28 per bar-
rel. This range is believed to reflect a balance that provides the 
OPEC member nations with the income necessary to meet indi-
vidual national budgets while maintaining an acceptable market 
price. However, at the beginning of 2001, the strain on worldwide 
production capacity caused prices to exceed $30 per barrel, but 
conservation and the developing recession in the United States 
began to drive demand down with an ensuing decrease in oil 
prices. As a result, the OPEC member countries initiated produc-
tion cuts but the commitment to meet quotas had waned and 
targets were not met. 

At the end of 2001, crude oil prices saw a steady increase and 
reached $40 to $50 per barrel by September 2004. In October 2004, 
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the price of crude oil exceeded $53 per barrel and for December 
delivery exceeded $55 per barrel. Crude oil prices surged to a then 
record high above $60 a barrel in June 2005, and to the unheard of 
prices in excess of $145 per barrel in the late summer of 2008. 

Historically, a recession may be expected to follow a spike in oil 
prices but higher crude-oil prices alone are not enough to cause a 
recession and other factors must be considered (Laufenberg, 2007). 

The key is to not simply acknowledge that the price of crude oil 
is higher, but rather ask why? 

6.2 Pricing Strategies 

OPEC was formed in 1960 with five founding members: Iran, Iraq, 
Kuwait, Saudi Arabia, and Venezuela. By the end of 1971, six other 
nations (Qatar, Indonesia, Libya, United Arab Emirates, Algeria, 
and Nigeria) had joined of OPEC. By 1973, OPEC controlled enough 
petroleum production that, when acting collectively, it could deter-
mine whether the world oil supply and could subsequently define 
the market price. 

Ultimately, the OPEC member nations set new production quo-
tas and, at the same time, a change in petroleum pricing was insti-
tuted. In 1983, the New York Mercantile Exchange (NYMEX) began 
to trade crude oil futures on the commodity market. This meant 
that commodity market trading would become the price maker and 
crude oil prices would be set on the trading floors of the NYMEX 
that, in turn, is set by supply and demand, with the oil-producing 
countries controlling demand. But, this is a double-edged sword. 

However, Russia, one of the major oil producing countries, has 
become a key to the course of future crude oil supply politics. Since 
January 2000, Russian crude oil production has increased by more 
than 900,000 barrels per day, which has offset the reductions made 
by OPEC to stabilize crude oil supply. Without significant action by 
Russia to reduce its production, there is the risk of an oil price war. 

Oil prices contribute significantly to the national budgets of 
oil-producing countries. A high oil price encourages prosperity in 
such countries. Whether or not the oil-consuming countries move 
to other sources of energy and learn to control the demand for oil, 
crude oil prices and crude oil production may be lowered and pros-
perity will suffer. This has the potential to destabilize many of the 
governments of the oil-producing countries. The result is possible 
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anarchy through the move to a series of unstable or fickle govern-
ments, which may send prices into an upward spiral once more. 

Nevertheless, over the last three decades, other than token 
efforts, the oil-consuming nations have not launched into alter-
nate energy programs in a manner sufficient to influence crude 
oil prices. It is the swings in the price of crude oil that have con-
trolled the alternate-energy-related programs of the oil-consuming 
nations. Over the past decades, not one country has made the deci-
sion to bite the bullet and initiate full-scale research into alternate 
energy with the goal of commercialization. On the other hand, 
the OPEC member nations know it is a matter of economics that 
to conserve the sales of a product, the price of that product must 
remain competitive. If oil is to remain competitive, the price must 
be such that it will be uneconomical for oil-consuming nations to 
institute programs related to alternate energy. In 1978, Mr. Sadam 
Hussein (then-Vice President of Iraq) explained this to the author 
very simply and effectively. 

However, for the purposes of pricing, crude oil is generally 
classified based on the API gravity and sulfur content (Chapter 4). For 
example, light sweet crude oil has low density, low viscosity (there 
are no exact numbers assigned to this, because the classification is 
more practical and theoretical), and low sulfur content making it eas-
ier to transport and refine and, therefore, more expensive to purchase. 
For example, the petroleum industry generally classifies crude oil by 
the geographic location it is produced in (e.g. West Texas, Brent, or 
Oman), its API gravity, and by its sulfur content. 

Light sweet (high API gravity) crude oil is more desirable than 
heavy sour (low API gravity) crude oil because it produces a higher 
yield of gasoline (Table 6.1), while sweet oil commands a higher 
price than sour oil because it has fewer environmental problems 
and requires less refining to meet sulfur standards imposed on 
fuels in consuming countries. Each crude oil has unique molecu-
lar characteristics that are understood by the use of crude oil assay 
analysis in petroleum laboratories. Some of the common reference 
crudes are (Chapter 4): 

• West Texas Intermediate (WTI), a very high-quality, 
sweet, light oil delivered at Cushing, Oklahoma for 
North American oil 

• Brent Blend, comprising 15 oils from fields in the Brent 
and Ninian systems in the East Shetland Basin of the 
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North Sea. The oil is landed at Sullom Voe terminal in 
the Shetland Isles. Oil production from Europe, Africa 
and Middle Eastern oil flowing west tends to be priced 
off the price of this oil, which forms a benchmark 

• Dubai-Oman, used as benchmark for Middle East sour 
crude oil flowing to the Asia-Pacific region 

• Tapis (from Malaysia, used as a reference for light Far 
East oil) 

• Minas (from Indonesia, used as a reference for heavy 
Far East oil) 

• The OPEC Reference Basket, a weighted average of oil 
blends from various OPEC (The Organization of the 
Petroleum Exporting Countries) countries. 

There are declining amounts of these benchmark oils being 
produced each year, so other oils are more commonly delivered. 
While the reference price may be for West Texas Intermediate deliv-
ered at Cushing, the actual oil being traded may be discounted 
Canadian heavy oil delivered at Hardisty, Alberta, and for a Brent 
Blend delivered at the Shetlands, it may be a Russian Export Blend 
delivered at the port of Primorsk. 

Table 6.1 Comparison between assays of light sweet crude oil and heavy 
sour crude oil. 

Liquid Volume % 

Gas (Initial Boiling Point to 99°F) 

Straight Run (99 to 210°F) 

Naphtha (210 to 380°F) 

Kerosene (380 to 510°F) 

Distillate (510 to 725°F) 

GasOil(725tol050°F) 

1050+ Residuals 

Sulfur % 

API 

Light Sweet 

4.40 

6.50 

18.60 

13.80 

32.40 

19.60 

4.70 

0.30 

34.80 

Heavy Sour 

3.40 

4.10 

9.10 

9.20 

19.30 

26.50 

28.40 

4.90 

22.00 
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Not only is the price of crude oil subject to composition of the 
crude, but the price of crude oil is combination of the following 
factors: 

1. The price set by the producer nations 
2. Continued high demand in the industrialized world 

as seen in the increase in gas-guzzling vehicles such 
as the SUV 

3. Increased car ownership in developing world where 
India and China are rapidly developing nations with 
need for petroleum and petroleum products, and 

4. A host of international factors such as the Second Gulf 
War, and US-Iran tensions, to name only two of the 
last category. 

Each of these has contributed significantly to the price of crude 
oil, and the United States, rightly or wrongly, has contributed to 
almost all of the above issues with soaring demand, invading Iraq, 
and raising tension with Iran. 

Crude oil price has been hostage to the world events. Also, 
production cuts or restoration by OPEC gravely impact the market 
place. Since the year 2000, the following political events impacted 
the oil prices: 

• September 11 2001 attack the World Trade Center 
• Gulf War II begins in early 2003 
• Insurgency in Iraq (2003 to present) 
• Iranian nuclear debacle started in 2005 
• Russian entry into the world market from year 2000 

onwards 
• Hurricane season of year 2004 in the US 
• Hurricane Katrina and Rita in the year 2005 
• Rising demand, which supply could not meet. 

All of the above have played their role in the per-barrel price. 
Some events have impacted more significantly than the others. The 
net impact has been that the consumers of crude oil subject to any 
one of several events that can influence the price. However, nota-
ble among the world events that have affected oil prices have been 
the Gulf War II, 2005 Hurricane season, and Iran-US Nuclear ten-
sion. Although the 9/11 can be classified in this category, oil prices 
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merged from that disastrous event almost unchanged. In fact, oil 
demand dipped immediately after the 9/11 attack, resulting in a 
production cut by OPEC. 

The Gulf War II and the insurgency in Iraq cut off oil supply from 
Iraq. This caused a shortage in supply and, hence, in a rise in price. 
By the third quarter of 2005, the price of oil had increased to $45 
a barrel. Later, this price increased further and then momentarily 
stabilized at approximately $50 per barrel. 

In the late summer of 2005, hurricanes Katrina and Rita, which hit 
the Gulf Coast of the United States, had a substantial effect on the 
price of oil. A number of oil refineries shut down and number of oil 
production platforms damaged. Crude oil rose to $60 per barrel. 

The Iran-US Nuclear tension created international tension as 
peaceful means to ask the Iranians to cease and desist failed. The 
decision of the Bush administration to invade Iraq made a military 
option (involving a strike to cripple Iran's nuclear facilities) a dis-
tinct possibility. This, accompanied by the crippled production at 
the US Gulf Coast and the management of supply to demand by 
OPEC, started the further upward movement of oil prices. 

6.3 Oil Price and Analysis 

Crude oil is one of the main natural feedstocks used to meet energy 
demands of mankind and price variation has a significant influ-
ence on the society development. The prognoses of the volume of 
crude oil extraction globally and regionally, consumption rates, and 
the crude oil price are used not only for planning the national and 
world economies, but also for development of refining enterprise 
investment programs. 

Despite some prognoses for depletion of crude oil reserves in the 
near future, the structure of energy consumption is not expected to 
significantly change. A marginal reduction of the crude oil influ-
ence till 2030 (up to 32%) and equalization of the energy balance of 
crude oil, natural gas and coal is expected up to the mid-point of 
the 21st century. 

One of the main advantages of the crude oil as an energy source 
is its application in the transport sector where the oil-refined prod-
ucts are and keep on being without serious competition. As the 
population around the globe becomes more mobile, as is currently 
happening in India and China, the demand for liquid fuels in the 
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transport sector will increase in contrast to the reduction of energy 
consumption in the other sectors. 

Crude oil prices behave much as any other commodity with 
wide price swings in times of shortage or oversupply. The crude oil 
price cycle may extend over several years responding to changes 
in demand as well as OPEC and non-OPEC supply. However, in 
the United States, the price of crude oil has been heavily regulated 
through production or price controls throughout much of the 20th 
century. 

The oil industry in the United States has been subjected to vary-
ing degrees of price controls since August 1971, when general price 
controls were levied on the entire US Economy. As controls were 
phased-out in other industries, more stringent price regulations 
were imposed on the oil industry in response to the October 1973 
oil embargo and the subsequent quadrupling of world oil prices 
(Helbling and Turley, 1975). 

The oil price control program is directed at cushioning the domes-
tic impact of sharply higher external oil prices. In this respect, the 
controls effort can be regarded as successful because the effective 
domestic price for petroleum remains, in fact, below world market 
prices. Economic analysis, however, indicates that the controls will 
(1) become ineffective, over time, with respect to the above stated 
intention and (2) will enhance the ability of external suppliers to 
manipulate prices. 

Using economic theory as a foundation, the eventual effects of 
controls on domestic production, imports, and the domestic price 
of oil are derived. In this regard, two of the more popular con-
cepts are that decontrol will result in (1) higher domestic petro-
leum prices and (2) increased domestic production and reduced 
imports? 

United States oil refiners currently process about 18 million 
barrels per day. Of this total, approximately 12 million barrels per 
day are imported from other countries. The United States did not 
always rely to such an extent on external oil supplies. In the mid-
1960s, oil imports represented only 20% of total U. S. Consumption. 
In fact, as late as 1971, import quotas on petroleum products 
existed in order to prevent relatively cheap foreign oil from placing 
domestic oil producers at a competitive disadvantage. 

In the months of July until December 31 2008, oil prices fell from 
$147 a barrel to less than $40 per barrel. However, since 2003, even 
in a strong upward trend of oil prices, there have been several dips 
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in the price ranging from 10% to 31%. So, the latest retreat of 22% 
should not be so unexpected. 

Notwithstanding, many saw this 2008 price retreat as a continu-
ing stable trend to much lower levels and rejoiced over the per-
manent relief that much cheaper oil would bring. However, it is 
felt that as oil stocks are depleted further and peak oil becomes 
a reality, liquid fuel prices and price volatility will increase dra-
matically. With price volatility, there will be a dramatic shift 
between high prices and low prices and that even if the low prices 
are significantly lower than the high prices, this should not be 
used as a reason to withdraw from the investigation of alternate 
sources of liquid fuels. As with any commodity, crude oil prices 
have retreated and advanced with overall effect (in recent years) 
to move to new record prices. Thus, the likely overall trend for the 
price of crude oil will be aggressive price rises from a variety of 
underlying causes, which are not reflective of the price variations 
of many other commodities. Indeed, world political and geopoliti-
cal events, and economic growth and decline, have all influenced 
the price of oil over the decades. 

Prior to 1973, the oil-producing countries had initiated two pre-
vious embargoes — one in 1956 and another in 1967. But, because 
the United States was an oil exporter, these embargoes had no 
affect on the United States. After 1970, the United States was an 
overall oil importer and it is not surprising that the oil-producers 
embargo of 1973 had a much greater effect on the United States. At 
the time, Saudi Arabia was assuming the role of price-controller 
through control of the production of oil. In the 1980s, as the North 
Sea and North Slope oil came on line, there was some effect on 
Saudi Arabia's control, but the favorable economics of producing 
oil from these two fields was not to last. The cost of oil production 
from the Saudi fields dropped below the cost of producing North 
Sea oil and price was again set by Saudi oil production. This was 
reinforced during the First Gulf War when Saudi Arabia more than 
made up for the lost of Kuwaiti and Iraqi oil production. However, 
since 2000, Saud Arabia no longer has the excess oil production 
capability to drive down the price of oil. Neither does any other 
producer, although Venezuela would like to move into the posi-
tion of swing producer but, other than heavy oil resources, does not 
have the resources of conventional oil to do this. 

Thus, the world, particularly the United States, is in a period 
where no one country has control over production and thus no one 
country has control over price. 
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Unless the Congress of the United States Government offers 
some other alternative to imported oil, crude oil prices will lie out-
side of the sphere of influence of the United States and there will be 
price volatile encompassing the variations between extremely low 
prices and extremely high prices. 

The high price of oil is not palatable or affordable to many 
Americans. When the choice comes to a high price or a volatile 
price régime where the volatile high price of oil could exceed the 
stable high price, one wonders where the choice of the people 
might lie. 

Finally, price clustering occurs when transaction prices are not 
evenly distributed among all possible ending values, but tend to 
cluster around even numbers. Price clustering may help traders 
simplify negotiations and it may also be an indication of market 
quality. Stock prices cluster on round fractions and price clustering 
rises with price level and volatility and declines with capitalization 
and transaction frequency (Harris, 1991; (Pirrong, 1996; Tse and 
Zabotina, 2001). 

For related products trading in multiple venues, price discov-
ery is essential in determining the dominant market in terms of the 
development of the asset's implicit efficient price. Hence, prices 
of regular-size NYMEX futures, NYMEX e-mini futures, WTI ICE 
electronic futures, and the USO ETF are strongly related and driven 
by the same information. 

The prices of the crude oil futures and the USO ETF in differ-
ent markets are kept from drifting apart because of inter-market 
arbitrage. These prices are therefore co-integrated and share one 
common factor — the implicit efficient price in which the con-
cept of information shares (IS) is defined the relative contribution 
of each market to price discovery (Hasbrouck, 1995). However, 
this does not conclude which market has the best price but, 
instead, which market moves first in the price-correction process 
(Hasbrouck, 2002; Sapp, 2002). In fact, the information share of 
a trading market is the portion of the variance of the common 
factor that is attributable to innovations in that market and dif-
ferent ordering of the variables will produce lower and upper 
bounds of the information shares. Nonetheless, many other stud-
ies using lower frequency data present considerable differences 
between lower and upper bounds (Martens, 1998; Huang, 2002; 
Booth et al., 2002). In fact, the average of the information shares 
given by all orderings is a reasonable estimate of the market con-
tribution to the price discovery. Similar to earlier research, we 
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discover a wide range between lower and upper information 
share estimations (Baillie et al., 2002). 

6.4 The Anatomy of Crude Oil Prices 

Crude oil is one of the main natural feedstocks used to meet energy 
demands of mankind, and, as a result, price variation has a sub-
stantial influence on the society development. The prognoses of the 
global and regional volumes of crude oil production, consumption 
rates, and the crude oil price are used not only for planning the 
national and world economies, but also for development of refining 
methodology. 

Since the beginning of this century, the energy consumption pat-
tern has been almost unchanged and has involved use of crude oil 
(39.3%), natural gas (22.6%), coal (20.8%), renewable sources (3.9%), 
hydropower stations) (1.9%), and nuclear energy (10.6%) (IEA, 
2008). Despite some prognostications for the depletion of crude oil 
reserves in the near future, the structure of energy consumption is 
not expected to significantly change. A marginal reduction of the 
role of crude oil in energy generation till 2030 and equalization of 
the energy balance of crude oil, natural gas and coal is likely until 
the mid-point of the 21st century. 

As the pain induced by higher oil prices spreads to an ever grow-
ing share of the American and world population, pundits and poli-
ticians have been quick to blame assorted villains: oil companies, 
commodity speculators, OPEC, and domestic policies of the United 
States government. While each of these parties has contributed to 
and benefited from the increased prices, the sharp growth in petro-
leum costs is due far more to a combination of soaring international 
demand and slackening supply. 

Many consumers believe that OPEC member states restrain 
crude oil production, and even though international oil markets 
efficiently price and allocate the crude oil being produced, some 
economists believe that the amount of crude oil being produced is 
a function of market power and that this exercise of market power 
produces greatly inflates world crude oil prices. For example, the 
Middle East with its vast reserves (65% of the world total) and 
highly prolific oil wells could have developed reserves to produce 
and sell enough oil to satisfy total world demand at under $5 per 
barrel and still enjoy substantial government revenues. 
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In the case of the current price oil fluctuations, another factor 
was emerging. Energy demand in mature industrial nations was 
continuing to grow as energy demand in India and China was 
also beginning to make an impact. By 2002, the United States 
Department of Energy was predicting that China would soon 
overtake Japan and become the world's second-largest petroleum 
consumer and that developing Asia as a whole would account for 
about one-fourth of global consumption by 2020. Also evident was 
an unmistakable slowdown in the growth of world production, the 
telltale sign of an imminent approach of an oil peak in global output 
(Klare, 2007). 

With these trends in mind, it is again time to revisit policies that 
will minimize future reliance on oil in the United States. Energy 
conservation needs to be emphasized, and the development of 
climate-friendly, alternative sources of energy, such as biofuels, 
wind, solar, and geothermal, need to be promoted and followed 
assiduously. However, there are still those who believe that while 
energy conservation may be a sign of personal virtue, it is not a suf-
ficient basis for a sound and comprehensive energy policy. During 
this time of investment in other sources of energy, there is still the 
need to rely on oil, natural gas, and coal. 

Continued reliance on oil, of course, means increased reliance 
on imported petroleum, especially from the Middle East, but 
there needs to be a careful watch on the implications of contin-
ued dependence on imported oil, because oil from other domestic 
sources, such as the Arctic National Wildlife Refuge (ANWR) and 
previously-prohibited offshore areas, may only reduce the need for 
imports into the United States by a low percent. 

Indeed, increased reliance on imports means increased vulner-
ability to disruptions in delivery due to wars and political upheav-
als. Increased military involvement in major overseas oil zones, 
especially the Persian Gulf, is not the answer. Furthermore, threats 
to countries that do not see eye-to-eye with the policies of the 
United States can also cause disruption in the supply of crude oil. 
But, such decisions cost the American people credibility and trust 
by foreign nations and present the picture of the United States as an 
unreliable trading partner. 

Such actions usually initiate a rise in the price of crude oil, and 
while there is always the argument that the rise in the price of 
crude oil is due largely to increasing demand chasing insufficiently 
expanding supply, energy policies can intensified the problem. 
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While other sources of oil, such as the Arctic National Wildlife 
Refuge and offshore source, will not reverse the long-term decline 
in oil production in the United States, it is only by reducing 
demand that fundamental market forces can be modified. This is 
best done through a comprehensive program of energy conserva-
tion, expanding public transit and accelerating development of 
energy alternatives. And, we must not forget that the develop-
ment of new technologies to recover oil from shut-in well is also 
necessary. 

The ready availability of futures, spot, and contract markets 
suggests that market prices accurately reflect international supply 
and demand for crude oil. But, many believe that OPEC member 
states restrain crude oil production. Even though international oil 
markets efficiently price and allocate the crude oil being produced, 
most (but not by any means all) economists believe that the amount 
of crude oil being produced is a function of market power and that 
this exercise of market power produces greatly inflates world crude 
oil prices. For instance, Francisco Parra, former Secretary-General 
of OPEC, maintains that the Middle East with its vast reserves (65% 
of the world total) and highly prolific oil wells could have, if it had 
been so minded, developed reserves to produce and sell enough oil 
to satisfy total world demand at under $5 per barrel, and still enjoy 
substantial government revenues. 

If the OPEC cartel does raise world crude oil prices by con-
straining production, are price controls warranted? From an eco-
nomic perspective, the answer is no. Domestic price controls will 
not reduce OPEC's market power. The manner in which domestic 
price controls were implemented in the U.S. in the 1970s actually 
increased the demand for OPEC imports and thus, its profits and 
punished domestic producers who are not at fault for OPEC produc-
tion decisions. Price controls also reduce incentives to increase pro-
duction, whether OPEC is strangling the market or not. Domestic 
price controls assist the cartel's attempts to restrict supply. 

Predictions of crude oil consumption and price rises have been 
made since the middle of last century. Assessment of the possible 
long-term trends in crude oil price variation should be made as 
the price variation is analyzed for sufficiently long period of time. 
Transitory variations, which have little significance, may be omit-
ted. However, it is expedient to investigate (1) the reason for the 
step wise change of crude oil price, and (2) the main factors that 
affect crude oil price, and the anticipated. 
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The first accelerated increase of crude oil price has started imme-
diately in the beginning of the Second World War. After the war 
developing industrialization and agricultural activities required 
more fuels and crude oil for agriculture activities and transport of 
goods from manufacturer to the consumer, which was followed by 
marginal price increases for two decades (1950-1970), allowing the 
new way to develop. Since then, the key drivers from increased 
energy demand and the accelerated increase of crude oil prices have 
been growing population and increased economic. Streamlining 
of energy consumption efficiency alleviates this factor, improving 
transport engine efficiency and the efficiency of management of 
the whole transport section). In addition, the increased cost of find-
ing and developing oil is also a contributor to increased crude oil 
prices. For example, in 2006 it was estimated that the cost of find-
ing and developing oil on a per barrel basis was three times greater 
than in 1999 (Gonzalez, 2006). 

6.5 The Anatomy of Gasoline Prices 

Gasoline accounts for about 50% of the consumption of petroleum 
products in the United States and the price of gasoline is the most 
visible among these products. As such, changes in gasoline prices 
are always under public scrutiny and price shocks can originate 
at any point from crude oil prices to the final price at the gaso-
line pump. Shocks originating at an intermediate step, such as the 
wholesale price of gasoline, may reflect a bottleneck in distribution, 
while price shocks originating farther upstream are more likely to 
represent the effects of variation in crude oil supply. Price shocks 
originating at the retail level are more likely to represent varia-
tion in the demand for gasoline. Given the history of oil-supply 
shocks and indications that demand for gasoline is relatively sta-
ble, intuition suggests that price shocks are more likely to origi-
nate upstream and be transmitted downstream (Norman and Shin, 
1991;Balkeefa/., 1998). 

Recent price increases have led some to call for federal price con-
trols for gasoline and/or related oil products as well as some form 
of windfall profits tax on the oil industry. 

Proponents of intervention contend that gasoline markets are not 
competitive (with some accusing producers of price collusion), that 
fat profit margins induce little more supply than might otherwise 
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be induced by healthy but reasonable profit margins, and that 
the gasoline profits are largely unanticipated and unearned. As a 
result, oil companies are reaping very large profits at the expense of 
consumers, and maintain that price controls and /or windfall profit 
taxes would simply redistribute wealth from producers to consum-
ers without any significant effect on supply. 

However, government intervention may improve overall eco-
nomic efficiency if prices do not reflect total costs or if the market in 
question is not competitive. No matter how imperfect markets may 
be, government intervention poses new problems. Accordingly, 
evidence that market imperfections exist is a necessary, but not suf-
ficient condition for government intervention. 

In gasoline markets, no evidence supports any market failure 
claims in a manner that would support reduction of gasoline 
prices. For example, the social costs associated with gasoline con-
sumption that are not fully reflected in the price of gasoline at 
the pump, but the implication is that market prices for gasoline, 
compared to the prices in many oil importing countries, are too 
low — not too high. 

However, laws prohibiting retail gasoline outlets from pricing 
gasoline below cost, such as a mandatory minimum markup above 
a legally defined wholesale price, exist in many states. Several other 
states have more general minimum mark-up laws that pertain to 
gasoline as well as other products while other states prohibit verti-
cally integrated oil companies from owning retail gasoline outlets. 
The intended effect of such laws is to keep some entrants out of 
the market such as (1) those companies that may sell gasoline at or 
near acquisition cost in order to encourage traffic and thus sales of 
other more profitable products, and (2) those companies that may 
undercut the prices charged by independent retail operators. This 
is to the detriment of gasoline consumers. 

But crude and gasoline prices can diverge even in perfectly com-
petitive gasoline markets. The temporary increase of gasoline prices 
following Hurricane Katrina illustrates this point. Approximately 
2 million barrels of refining capacity a day (approximately 11% 
of total refining capacity in the United States) were shut down as 
a consequence of the storm causing a disruption in fuel delivery 
from Gulf Coast refineries. The supply of gasoline at retail outlets 
greatly decreased and, hence, increased retail prices beyond what 
might otherwise have been expected from the overall 2% decrease 
in world crude oil production as a result of the storm. Furthermore, 
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Hurricane Rita reduced additional refining capacity causing a shut-
down of 1 million barrels of gasoline production per day. 

Analysis of retail gasoline pricing is complicated by large price 
differences in various parts of the country. In fact, the phenom-
enon of prices at different market levels tending to move differ-
ently relative to each other depending on direction is known as 
price asymmetry. To the public, this typically means simply the 
notion that retail prices rise faster than they fall, when observed 
over some period. However, there is significantly more to the ques-
tion of price asymmetry than just the upward and downward 
speed of retail price movements. For the most part, retail prices 
move in response to changes in wholesale, or even raw material, 
prices further upstream in the manufacturing/distribution chain. 
Therefore, an examination of price asymmetry must consider the 
speed and degree to which price changes at one level are passed 
downstream ( i.e. from wholesale toward retail). In previous stud-
ies of this phenomenon, researchers have further defined two types 
of price asymmetry: amount asymmetry, in which the amount of 
the eventual price change differs between wholesale and retail 
and/or between upward and downward movements, and pattern 
asymmetry, in which the change occurs at a different rate between 
market levels depending on direction. 

There are two key concepts to keep in mind when analyzing a 
gasoline market: asymmetry and pass-through. As noted above, 
asymmetry refers to prices rising and falling at differing rates at 
different levels in the pricing structure. However, the analysis is 
complicated by the fact that there are lags between changes in 
upstream prices and the corresponding changes in downstream 
prices. The upstream price changes take time to pass-through to the 
downstream prices. The pass-through times make it theoretically 
possible for there to be no real asymmetry in price movements, but 
because of the time lags a statistical test may show that there is 
asymmetry. 

For example, a very simple price change, such as a symmetrical 
$0.5 per gallon upstream price increase and decrease spread over 10 
weeks, can have unusual consequences because of lags. The down-
stream price peaks after the upstream price maximum, and it takes 
longer for the downstream price to return to equilibrium than the 
upstream price. Lags anywhere in the system can therefore give 
the appearance that prices are sticky downward, when in fact the 
apparent asymmetry is only an artifact of the lags. 
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The terms upstream prices and downstream prices are used to 
distinguish the relative position of two prices in the distribution 
system. Upstream prices are commodity prices closer to the produc-
tion point relative to downstream prices, which are motor gasoline 
prices closer to the final consumption point. For example, retail gas-
oline prices are downstream relative to all other commodity prices 
because they constitute the price the charged to the consumer. Also, 
pipeline spot gasoline prices are downstream from United States 
Gulf Coast spot gasoline prices because they are closer to the con-
sumer. Conversely, United States Gulf Coast USG spot prices are 
upstream relative to pipeline spot prices because the United States 
Gulf Coast spot prices are further removed from the final consump-
tion of gasoline and are closer to the production side. Crude oil spot 
prices are upstream of all motor gasoline prices because they are 
farthest from the final consumer. 

6.6 Effect of Refining Capacity 

The demand for refined products, particularly transportation fuels, 
has been rising steadily over the past three. As demand for petro-
leum products has grown, their quality and performance have 
changed substantially as a result of environmental regulations and 
motor vehicle performance requirements. The refining industry is 
already upgrading facilities to produce ultra-low-sulfur gasoline 
and diesel fuel and to reduce the environmental impacts of plant 
operations. 

The 1990s were widely viewed by the industry as a period of 
economic volatility that was characterized by poor profit margins 
as a result of the increasing cost of compliance with environmental 
regulations and unfavorable crude oil price trends. At the same 
time, the corporate restructuring and consolidation has dramati-
cally changed the refining industry in the United States (Peterson 
and Mahnovski, 2003). In addition, the crude oil slate into refiner-
ies was changing to include low API gravity/high sulfur crude oil 
(Swain, 1991,1993,1997, 2000) and operations were highly depen-
dent upon the ability of current refinery operations to accept crude 
oil for production of the different products (Speight, 2007). 

Different types of crude oil yield a different mix of products 
depending on the qualities of crude oil. Crude oil types are typically 
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differentiated by their density (measured as API gravity), as well 
as their sulfur content. Crude oil with a low API gravity is con-
sidered a heavy crude oil, and typically has higher sulfur content 
and a larger yield of lower-valued products. Therefore, the lower 
the API of a crude oil, the lower the value it has to a refiner as it 
will either require more processing or yield a higher percentage of 
lower-valued by-products, such as heavy fuel oil, which usually 
sells for less than crude oil. 

6.6.1 Refinery Types and Crude Slate 
A refinery is an installation that manufactures finished petroleum 
products from crude oil, unfinished oils, natural gas liquids, and 
other hydrocarbons using heat, pressure, catalyst, and chemicals. 
Early refineries were simple, batch distillation units that pro-
cessed hundreds of barrels of crude oil per day from one or a 
small collection of fields. Current refineries are complex, highly 
integrated facilities that contain a dozen or more process units 
capable of handling numerous crude oils from around the world 
with capacities generally varying from 100,000 to 500,000 barrels 
per day. 

Every crude oil produced in the world has a unique chemical 
composition that will determine the optimal manner in which to 
process the crude and the final product slate. Crude oil contains 
distillates of different molecular composition and shape, burning 
qualities, and impurities, such as metals, asphaltene constituents, 
nitrogen, and sulfur (Speight, 2007). The types, size, number, and 
flow sequences for each refinery vary, depending on crude oil input 
quality, output product slate and quality, and environmental, safety, 
and economic conditions. 

Refineries evolve with changes in market demand, feedstock, 
product specification, and environmental regulation; and will 
typically possess both very old and modern process units. In most 
refineries, operating variables, such as temperature, pressure, resi-
dence time, feed quality, cut points, recycle-gas ratio, space veloc-
ity, and catalyst allow refineries to balance feedstock, product, and 
quality. The limits of these variables are unique to the plant design 
and nature of the input and output requirements. For a specific 
feedstock and catalyst package, the degree of processing and con-
version increases with the severity of the operation. The type of 
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processing units at the refinery will influence a refiner's choice of 
crude oil. Refineries fall into four broad categories: 

1. Topping refinery 
2. Hydroskimming refinery 
3. Cracking refinery 
4. Coking refinery. 

The topping refinery is the simplest refinery and consists only 
of a distillation unit and probably a catalytic reformer to provide 
octane. Typically only condensates or light sweet crude would be 
processed at this type of facility unless markets for heavy fuel oil 
are readily and economically available. Asphalt plants are topping 
refineries that accept heavy crude oil from which the asphalt is 
produced. 

The next level of refining is the hydroskimming refinery, which is 
equipped with a distillation unit as well as naphtha reforming and 
necessary treating processes. The hydroskimming refinery is more 
complex than the topping refinery and it produces gasoline. 

The cracking refinery is used to process the gas oil fraction from 
the crude distillation unit (a stream higher boiling than diesel fuel 
but lower boiling than heavy fuel oil) and converts it to gasoline 
and distillate components using catalysts, high temperature, and 
high pressure. 

The last level of refining is the coking refinery. This refinery pro-
cesses residual fuel, the heaviest material from the crude unit and 
thermally cracks it into lighter product in a coker or a hydrocracker. 
The addition of a fluid catalytic cracking (FCC) unit or a hydro-
cracker significantly increases the yield of higher-valued products 
like gasoline and diesel oil from a barrel of crude, allowing a refinery 
to process cheaper, heavier crude, while producing an equivalent 
or greater volume of high-valued products. Hydrotreating is a pro-
cess used to remove sulfur from finished products. As the require-
ment to produce ultra low sulfur products increases, additional 
hydrotreating capability is being added to refineries. Refineries 
that have large hydrotreating capability have the ability to process 
crude oil with higher sulfur content. 

The process technologies in a coking refinery vary from distil-
lation to coking, catalytic cracking, catalytic reforming, catalytic 
hydrocracking, catalytic hydrotreating, alkylation, polymerization, 
aromatics extraction, isomerization, oxygenates, and hydrogen 
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production (Gary et al. 2007, Speight 2007). In addition, the crude 
slate is expected to change significantly in the years ahead as refin-
ers increase their capacity to process heavy crude oil and lower 
quality synthetic crudes. Refineries that are dependent on imported 
crude oil tend to process a more diverse crude slate than their coun-
terparts where the oil is shipped from a domestic wellhead. These 
refiners have the capacity to purchase crude oil produced almost 
anywhere in the world and therefore have flexibility in their crude 
buying decisions. 

As supplies of light sweet crude oil continue to deplete, refiners 
will increasingly turn to heavy sour crude. But, not enough refin-
ers yet have a demand for heavy sour, so it trades at a significant 
discount to light sweet crude oil. This will of course change as 
more coking units are installed in refineries. There will be a higher 
demand for heavy crude oil, and the asphalt market will become 
more lucrative as the atmospheric and vacuum residua are routed 
to coking units to increase liquids production. Thus, economics cur-
rently favor installing coking units and hydrotreaters to handle the 
heavy sour crudes, and will continue to do so as long as they trade 
at a substantial discount to light sweet crudes. 

The installation of additional conversion capability increases 
the yield of clean products and reduces the yield of heavy fuel oil. 
However, increased conversion capability would generally result 
in higher energy use and, therefore, higher operating costs. These 
higher operating and capital costs must be weighed against the 
lower cost of the heavier crude oil. With increased heavy oil pro-
duction and the declining production of conventional light sweet 
crude oil, many refineries have undertaken the investment required 
to process the increasing supply of heavy crude oil. Much of this 
investment is by the large integrated oil companies — those that are 
involved in both the production of crude oil and the manufacturing 
and distribution of petroleum products. 

Thus, refinery configuration is also influenced by the product 
demand. For example, in the United States, the demand for gaso-
line is much larger than distillate demand and, therefore, refiners 
configure their installations to maximize gasoline production. On 
the other hand, in several Western European countries, most nota-
bly Germany and France, policies exist that encourage the use of 
diesel engines creating a much stronger distillate component. 

The relationship between gasoline and distillate sales can create 
challenges for refiners. A refinery has a limited range of flexibility in 



182 PETROLEUM TECHNOLOGY, ECONOMICS, AND POLITICS 

setting the gasoline to distillate production ratio. Beyond a certain 
point, distillate production can only be increased by also increasing 
gasoline production. 

6.6.2 U.S. Refining Capacity 

The refining capacity in the United States, as measured by daily pro-
cessing capacity of crude oil distillation units alone, has appeared 
relatively stable in recent years, at about 18 million barrels per day 
of operable capacity. While the level is a reduction from the capac-
ity of twenty years ago, the first refineries that were shut down as 
demand fell in the early 1980s were those that had little downstream 
processing capability. The small facilities, limited to simple distilla-
tion, became uneconomical as the need for downstream processing 
became a necessity. Additional refineries were shut down in the late 
1980s and during the 1990s because of unprofitability and, at the 
same time, refiners improved the efficiency of crude oil distillation 
units that remained in service by debottlenecking to improve the 
flow and to match capacity among different units and by turning 
more and more to computer control of the overall processing. 

Furthermore, following the need for environmentally benign 
products as well as commercial economics, refiners enhanced their 
upgrading (downstream processing) capacity. As a result, the capac-
ity of the downstream units ceased to be the constraining factor on 
the amount of crude oil processed through the crude oil distillation 
system. In fact, crude oil input to refineries has continued to rise, 
and along with them refining capacity rose throughout much of 
the 1990s and refinery utilization reached record levels in the last 
half of the decade. In the United States, the Gulf Coast is the leader 
in refinery capacity and is the nation's leading supplier in refined 
products as in crude oil. 

6.6.3 World Refining Capacity 

While the Mideast is the largest producing region, the bulk of refin-
ing takes place in the United States, Europe or Asia because it was 
cheaper to move crude oil to the consuming areas rather move the 
products and the proximity to consuming markets made it easier 
to respond to weather-induced spikes in demand or to gauge sea-
sonal shifts. Thus, the largest concentration of refining capacity is in 
the United States, accounting for about one-quarter of the crude oil 
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distillation capacity worldwide. Also, the United States has by far 
the largest concentration of processing units (downstream capac-
ity) to maximize the production of gasoline. 

In 2007, the world refining capacity was 87,913,000 barrels per 
day, which is marginally lower than what is currently required 
although refinery throughput for 2007 was 75,545,000 barrels per 
day — an 86% usage rate (BP, 2008). Furthermore, world oil con-
sumption for 2007 was 85,220,000 barrels per day, with the dif-
ference between consumption and refinery throughput being the 
amount of crude oil used directly as fuel by various industries. 
With another eight million to ten million barrels per day capacity 
coming on line in the next four to five years has the potential to 
retain an excess of refining capacity over production. However, the 
situation is dependent on the rate at which the product demand 
growth continues. 

Constrained refining capacity has been frequently identified 
as one of the key reasons for the rise in crude oil prices over the 
last two years but refining capacity will begin to expand later 
this year and continue well past 2009 (ht tp: / /zawya.com/print-
Story.cfm?storyid=v51n31-1TS05&1=133200080804). Most of the 
capacity will come on-stream in Asia and the Middle East and 
is driven by demand for middle distillates and the new refiner-
ies will have an upgrading capacity that is going to make it a 
bit easier to meet gasoil demand. Expanding global upgrading 
capacity promises to make a considerable difference in the mar-
ket increasing the ability to upgrade heavy, high sulfur feedstock 
into distillate. 

In addition to API gravity and sulfur content, the chemical com-
position and other natural characteristics of crude oil affect the cost 
of processing or restrict the suitability of crude oil for the manufac-
ture of specific products and also dictates whether a crude oil feed-
stock can be used for the manufacture of specialty products, such as 
lubricating oils and/or of petrochemical feedstocks. 

Refiners therefore strive to run the optimal mix of crudes through 
their refineries, depending on the refinery's equipment, the desired 
output mix, and the relative price of available crudes. In recent 
years, refiners have confronted two opposite forces: (1) consumer 
and government mandates that increasingly required light prod-
ucts of higher quality (the most difficult to produce) and, (2) crude 
oil supply that was increasingly moving towards the heavy oils 
having lower API gravity and higher sulfur content. 

http://zawya.com/printStory.cfm?storyid=v51n31-1TS05&1=133200080804
http://zawya.com/printStory.cfm?storyid=v51n31-1TS05&1=133200080804
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6.6.4 Refining and Refinery Economics 

A petroleum refinery is an installation that manufactures finished 
petroleum products from crude oil, unfinished oils, natural gas liq-
uids, other hydrocarbons, and alcohol. Refined petroleum products 
include but are not limited to gasoline, kerosene, distillate fuel oils 
(including No. 2 fuel oil), liquefied petroleum gas, asphalt, lubricat-
ing oil, diesel fuel, and residual fuel. 

A typical large refinery costs billions of dollars to build and 
millions more to maintain and upgrade. It runs around the clock 
365 days a year, employs between 1,000 and 2,000 people, and can 
occupy as much as one section (1 square mile, 640 acres) of land. 
Many refineries are of such a size that workers ride bicycles, or 
some other convenient form of transportation, to get from one sta-
tion to another. 

The complexity of refinery equipment varies from one refinery 
to the next. In general, the more sophisticated a refinery, the better 
its ability to upgrade crude oil into high-value products. However, 
whether simple or complex, all refineries perform three basic steps: 
separation, conversion, and treatment. 

Thus, although the physical and chemical characteristics of 
crude oils differ, the core refining process is simple distillation (or 
separation) (Figure 6.1). Because crude oil is made up of a mixture 

Figure 6.1 Schematic of crude oil distillation. 
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of hydrocarbons, this first and basic refining process is aimed at 
separating the crude oil into its fractions or broad boiling ranges of 
the various component hydrocarbons. Crude oil is heated and put 
into a still (distillation column) and different products boil off and 
can be recovered at different temperatures. The lighter products, 
including liquid petroleum gases (LPG), naphtha, and so-called 
straight run gasoline (i.e. the gasoline fraction distilled directly 
from the crude oil without further processing), are recovered at the 
lowest temperatures. Middle distillates; such as jet fuel, kerosene, 
home heating oil, and diesel fuel distill next. Finally, the highest 
molecular weight fractions (residual fuel oil and residuum) are 
recovered. Additional processing follows crude distillation and 
involves the use of a variety of highly complex units designed for 
very different upgrading processes to produce the most desirable 
lower molecular weight products. 

At this point, the lower boiling fractions from the distillation 
tower are sent to treating units while the higher boiling fractions 
are converted into streams (intermediate components) that eventu-
ally become finished products, such as gasoline. 

The most widely used conversion method uses high tempera-
ture and pressure to convert (crack) higher molecular weight (high-
boiling) hydrocarbons into lower molecular weight (low-boiling) 
products. Fluid catalytic cracking (cat cracking), is the basic gaso-
line-making process. Using heat of approximately 500°C, 932°F, low 
pressure, and a catalyst (a substance that accelerates chemical reac-
tions), the cat cracker can convert most relatively heavy fractions 
into lower molecular weight gasoline constituents. Hydrocracking 
applies the same principles but uses a different catalyst, slightly 
lower temperatures of approximately 450°C, 842°F, much greater 
pressure, and hydrogen to obtain conversion to the desired products. 

Some refineries employ coking units, which use heat of approxi-
mately 500°C, 932°F to convert the distillation residuum into lower-
boiling products and coke, which may be used as an industrial fuel. 

Cracking and coking are not the only forms of conversion and 
other refinery processes, instead of splitting molecules, rearrange 
them to add value. Alkylation, for example, makes gasoline com-
ponents by combining some of the gaseous byproducts of crack-
ing. Reforming uses heat, moderate pressure and catalysts to turn 
naphtha, a low-boiling, relatively low-value fraction, into high-
octane gasoline components. To make gasoline, refineries carefully 
combine a variety of streams from the processing units to produce 
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the blended product that is sold as gasoline. The finished gasoline 
products may contain more than 200 individual hydrocarbons and 
additives so that the product meets the designated specifications. 

The quality of the crude oil dictates the level of processing and re-
processing necessary to achieve the optimal mix of product output. 
Hence, price and price differentials between crude oils also reflect 
the relative ease of refining. A premium crude oil, such as West 
Texas Intermediate (WTI), the U.S. benchmark crude oil (Chapter 4), 
has a relatively high natural yield of desirable naphtha and 
straight-run gasoline, nother premium crude oil, Nigeria's Bonny 
Light crude oil, has a high natural yield of middle distillates. By 
contrast, almost half of the simple distillation yield from Arabian 
Light crude oil, the historical benchmark crude, is a heavy residue, 
or "residuum," that must be reprocessed or sold at a discount to 
crude oil. Even West Texas Intermediate and Nigeria's Bonny Light 
crude oil have a yield of about one-third residuum after the simple 
distillation process. 

In recent years, growth in the demand for petroleum products has 
led to an improvement in capacity utilization, increasing operating 
efficiency and reducing costs per unit of output. Refinery capacity 
is based on the designed size of the crude distillation unit(s) of a 
refinery — often referred to as nameplate capacity). Occasionally, 
through upgrades or de-bottlenecking procedures, refineries can 
process more crude than the nameplate size of the distillation unit 
would indicate. In such cases, a refinery is able to achieve a utiliza-
tion rate greater than 100% for short periods of time. 

Finally, not all investment decisions are driven by refinery eco-
nomics; refiners also make investment decisions because of volun-
tary actions or legislative and regulatory requirements. In recent 
years, governments and industry have directed considerable effort 
towards reducing the environmental impact of burning fossil fuels. 
Many of the initiatives have been aimed at providing cleaner fuels. 
Petroleum refining is a very complicated and capital-intensive 
industry. New environmental regulations require the industry to 
make additional investments to meet the more stringent standards. 

The ultimate operating variable in the economics of refining is 
the price of crude oil. Heavy high-sulfur crude oil can cost up to 
one-third less than lighter, low-sulfur crude oil but because high-
sulfur crude oil requires more processing, refineries that buy these 
cheap crude oils usually higher fixed expenses for equipment and 
labor. In fact, processing high-sulfur crude oil requires greater 
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expenditures for energy and energy may account for up to 50% of 
the cost of running a refinery. Another variable is the location of the 
refinery insofar as the closer a refinery is to the crude oil source and 
a high demand market, the lower transportation costs for incoming 
feedstock and outgoing products. 

6.7 Outlook 

Crude oil is the lifeblood of the economy of the United States and, 
for over a century, has played a dominant role in the economy. Oil 
currently accounts for close to 40%of total energy consumption 
in the US. However, while the U.S. economy grew significantly at 
63%, after 1985, oil consumption grew much more slowly at 25%. 
Thus, our economy is far less dependent on oil than it was in 1973, 
the year of the Arab oil embargo. 

Nonetheless, as the United States emerges from the current 
recession and the economy grows over the next few decades, the 
demand for oil will also grow. According to the Energy Information 
Administration (EIA), demand for oil in the United States is 
expected to rise from an annual average of 19.7 million barrels per 
day to more than 26 million bpd in 2020. At the same time, forecasts 
indicate that domestic oil production in the United States will likely 
see little, if any, growth; it is more likely to see reduction in view 
of the poor judgment by the United States Congress in not seek-
ing alternate sources of energy. Therefore, the United States will 
increasingly rely on foreign sources to meet its oil needs. Currently, 
more than 65% of the crude oil and crude oil products used in the 
United States is imported from foreign sources. And, over the next 
two decades, imports of petroleum and petroleum products are 
expected to increase by more than 6 million barrels per day as oil 
consumption rises. 

The historical record shows substantial variation in world oil 
prices, and there is the likelihood of even more uncertainty about 
future prices when longer time periods are examined. It is possible 
to consider three price cases to illustrate the uncertainty of pros-
pects for future world oil resources (Annual Energy Outlook, 2008). 
In the reference case, world oil prices increase moderately from cur-
rent levels (ca. $39 per barrel) to about $57 per barrel in 2016, start 
rising again as production in non-OPEC regions peaks, and con-
tinue rising to $70 per barrel in 2030 (all prices in 2006 dollars). 
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The low and high price cases reflect a wide band of potential world 
oil price paths, ranging from $42 to $119 per barrel in 2030, but they 
do not bound the set of all possible future outcomes. The high and 
low oil price cases are predicated on assumptions about access to 
and costs of non-OPEC oil, OPEC supply decisions, and the supply 
potential of unconventional liquids. 

The world counts on the Organization of Petroleum Exporting 
Countries (OPEC) for more than 40% of total daily production of 
crude oil. However, there is some doubt about the oil reserve esti-
mates of the OPEC member countries. Saudi Arabia, for example, 
has claimed crude reserves of 260 billion barrels for the past decade 
despite having pumped between nine and 10.5 million bpd through-
out that period. In fact, the Paris-based International Energy Agency 
(IEA) predicts that the world can continue to increase oil production 
for the next 25 years, but at a significant investment that may be in 
excess of $600 billion US per year for the entire period. Added to this 
are fears for political stability in several oil-producing states. 

In terms of actual reserves numbers within the OPEC member-
ship, Saudi Arabia possesses the largest resource base in the world, 
with claims of 268 billion barrels of proven reserves. Other OPEC 
countries also show promise of producing higher quantities of oil. 

However, assuming no serious political crises in key producing 
countries or an unexpected shortfall in investment, global oil pro-
duction capacity will continue to grow strongly toward 102.4 mil-
lion barrels per day by 2010 from the current level of approximately 
87 million barrels per day. This expansion will be fairly evenly split 
between OPEC and non-OPEC countries: 8.5 million barrels per 
day and 6.7 million barrels per day, respectively. The expansion 
continues to 2015, but OPEC shows a greater increase: a net gain of 
12.2 million barrels per day (relative to 2005) versus 8.2 million bar-
rels per day for non-OPEC. At the regional level, the United States 
and North Sea show decreases through 2015, while Canada, West 
and North Africa, Latin America, and the Caspian, and the Middle 
East continue their current trend of strong expansion past 2010 
and through 2015. Southeast Asia shows some modest growth, 
but declines after 2010. At the same time, Russian capacity growth 
slows. 

By 2015, there could be a change in the geographic focus of the 
sources of liquids supply. The proportion of liquids capacity from 
the top 15 countries will rise from less than the current 60% to 65% 
in 2015. While nearly every OPEC country, except Indonesia, shows 
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potential for a significant increase to 2015, the sources of expansion 
in non-OPEC countries are more limited, with Russia, the Caspian 
nations, Brazil, Angola, and Canada leading the way. There may 
also be the emergence of some new sources of liquids capacity both 
in the deep water, such as offshore Mauritania, and onshore in 
Sudan. In addition, mature areas, such as Malaysia, are reemerg-
ing and a new play is being successfully developed in a previ-
ously unexplored deep-water area of offshore Sabah, in northwest 
Malaysia. However, this shift in emphasis may prove to be to more 
politically and operationally challenging countries, which increases 
the levels of risk and supply anxiety in some consumer countries. 

Analysis of the composition of new capacity shows that in the 
medium term, there will be increasing proportions of light and 
heavy oils and a reduction in the proportion of medium grade 
crude. However, capacity additions to 2010 are predominately light 
crude oil (8 million barrels per day), medium crude oil (5 million 
barrels per day), and heavy crude oil (3 million barrels per day) with 
a continuing rapid expansion of deep-water production capacity to 
over 9 million barrels per day by 2010. 

Production capacity of heavy oil and tar sand bitumen from 
Canada and Venezuela will expand to approximately 5 million 
barrels per day in 2015. The Canadian projects are moving 
forward at an accelerating pace and expansion from 1 million 
barrels per day of synthetic crude oil (from tar sand bitumen) to 
more than 3 million barrels per day by 2015 is anticipated, with 
approximately half being mined and the remainder in situ. In 
Venezuela the four main Orinoco projects are on-stream (totaling 
650,000 barrels per day) and with debottlenecking could reach 
700,000 barrels per day by 2010. 

Between 2010 and 2015, there is considerable potential to 
expand total condensate plus natural gas liquids (NGLs) capacity 
to 22 million barrels per day. Notable condensate expansions will 
occur in Qatar as the liquefied natural gas (LNG) business expands 
and more gas is produced for pipeline exports and gas-to-liquids 
conversion. One of the largest expansions of condensate capacity 
will occur in Norway. 

Until recently the gas-to-liquids (GTL) business had contributed 
only a small proportion of production at less than 200,000 barrels 
per day in 2008, but there are a number of projects under way and 
planned that are expected to boost production capacity to 480,000 
barrels per day by 2010 and 1 million barrels per day in 2015. This is 
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a lower buildup than might be anticipated by summing the reports 
of current activity, but operators may not commit to new gas-to-
liquid projects until there is some certainty that the oil price will 
remain high enough for profitability. 

The question of a worldwide peak in oil production continues 
to stimulate debate, although there is little evidence for a peak in 
worldwide oil production before 2020. It is true that total annual 
global production has not been replaced by exploration success in 
recent years, but production has been more than replaced by explo-
ration plus field reserve upgrades. Although oil is a finite resource, 
there is still no exact estimate of total reserves; meanwhile global 
resources should continue to expand. Many basins, even those pro-
ducing significant volumes of oil, remain underexplored. 

One of the reasons that there is so much debate over the whether 
the peak of oil production is imminent or not is that different 
observers rely upon different data sets. The most visible data 
are those published by exploration and production companies 
through annual reports and the most extensive collection of such 
reports are the filings under United States Securities and Exchange 
Commission (SEC). However, these data may be overly conserva-
tive as evidenced by the extent to which upward reserve revisions 
outweigh downward revisions. 

In fact, it is entirely possible that large portions of discovered 
fields maybe excluded from disclosure until later in their producing 
lives and that only a small portion of the overall picture is revealed 
by these disclosures. As often happens with regulatory systems 
that have been in place for three decades, it requires modernization 
to take into account almost revolutionary changes in technologies, 
and transformations in terms of market structure and geography. 

If the SEC were to adopt the definitions and guidelines used 
by the Society of Petroleum Engineers (SPE), this would lead to 
the creation of a globally consistent data set that covered the vast 
majority of the world's oil and gas reserves. As the very definition 
of what is oil begins to change with the addition of non-traditional 
resources such as synthetic crude oil (Syncrude) and gas-to-liquids 
and even liquid fuels made from coal, a reliable dataset will be lead 
to a better understanding of when the world may face an undulat-
ing plateau of global oil production. 

Finally, in consideration of the above effects, forecasting crude 
oil economic activity has received considerable attention over the 
past several decades. An increasing number of statistical methods, 
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which frequently differ in structure, have been developed in order 
to predict the evolution of various macroeconomic time series and 
commodity prices have been the focus of various studies (Roche 
1995; Labys 1999; Morana 2001; Lanza et al, 2005). However, what-
ever techniques are employed to forecast future spot prices, data 
for short-term horizons offer some indications of prices whereas for 
longer-time horizons the data are less accurate (Fernández, 2006). 
In fact forecasting crude oil prices is an imprecise art. One only 
need consider the price fluctuations during 2008 to realize that no 
one predicted any such fluctuations and the price forecasting was 
inaccurate not only because of the methods employed, but because 
of many unknowns that are likely to arise at any time and for any 
reason. 

6.8 References 

Annual Energy Outlook. 2008. Annual Energy Outlook 2008 with 
Projections to 2030. Report No. DOE/EIA-0383(2008). Energy 
Information Administration, Department of Energy, Washington, DC. 
June. 

Balke, N.S., Brown, S.P.A., and Yücel, M.K. 1998. Economic Review First 
Quarter 1998. Federal Reserve Bank of Dallas, Dallas Texas. 

BP. 2008. BP Statistical Review of World Energy. Www.bp.Com/ 
statisticalreview. 

Fernández, V. 2006. Forecasting Crude Oil and Natural Gas Spot Prices 
by Classification Methods. Documentos De Trabajo with Number 229. 
Centro De Economía Aplicada, Universidad De Chile, Santiago, Chile. 
http://ideas.repec.Org/p/edj/ceauch/229.html 

Gonzalez R. 2006. Oil Industry Investment. Petroleum Technology 
Quarterly 8(4): 3. 

IEA. 2008. Key World Energy Statistics 2008, International Energy Agency, 
Paris, France. 

ITF. 2008. Interim Report on Crude Oil. Interagency Task Force on 
Commodity Market s, Washington DC. July. 

Labys, W. 1999. Modeling Mineral and Energy Markets. Kluwer, New York, 
USA. 

Lanza, A., Manera, M., and Giovannini, M. 2005. Modeling and Forecasting 
Co-integrated Relationships among Heavy Oil and Product Prices." 
Energy Economics, 27(6):831-θ48. 

Laufenberg, D.E. 2007. Higher oil prices are not always shocking. 
Report No. 231483 A (1/07). Ameriprise Financial Inc., Minneapolis 
Minnesota. 



192 PETROLEUM TECHNOLOGY, E C O N O M I C S , A N D POLITICS 

Morana, C. 2001. A Semi parametric Approach to Short-Term Oil Price 
Forecasting. Energy Economics 23(3), 325-338. 

Peterson, DJ., and Mahnovski, S. 2003. New Forces at Work in Refining: 
Industry Views of Critical Business and Operations Trends. Prepared 
for the National Energy Technology Laboratory United States 
Department of Energy. Rand Corporation, Santa Monica, California. 

Roche, J. 1995. Forecasting Commodity Markets. Probus Publishing 
Company, London, England. 

Swain, E.J. 1991. Oil & Gas Journal. 89(36): 59. 
Swain, E. J. 1993. Oil & Gas Journal. 91(9): 62. 
Swain, E. J. 1997. Oil & Gas Journal. 95(45): 79. 
Swain, E.J. 2000. Oil & Gas Journal. March 13. 



7 
The Crude Oil Market 

Russia, Saudi Arabia, and the US are the largest producers of 
crude oil in 2008. The greatest concentration of production (both 
oil and gas) is in the Middle East. Furthermore, since the discov-
ery of crude oil in the late 19th century, the world has consumed 
approximately 1.0 trillion (1 x 1012) barrels of crude oil. There are 
sufficient quantities (1.0 trillion barrels) of proven conventional 
crude oil reserves (determined by drilling) to meet today's global 
demand for another 25 years. There are expected to be another 
2 to 3 trillion barrels of unproven conventional crude oil reserves, 
such as the heavy Venezuelan and Canadian crudes, and shale oil 
(Chapter 9), which are together much more costly to produce than 
conventional oil. So, although the world may not be approaching 
peak oil (Chapter 8), it is much more likely to be approaching peak 
cheap oil. 

The world is depleting the reservoirs of light sweet crude oil, 
which can be produced at both low costs and at low business risk. 
Much of the conventional crude resource oil is located in politically 
unstable countries (Russia, Middle East and West Africa), which 
adds a price premium to the cost of production. Furthermore, the 
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crude oil market in the United States is the largest oil market in 
the world and accounts for almost 24% of world oil demand (BP, 
2008). Gasoline accounts for about 50% of total US oil demand at 
approximately 9 million barrels per day. The US oil market is very 
important not only because of its size, but also because it is a center 
of oil price formation led by oil price determination in the NYMEX 
(New York Mercantile Exchange) oil futures market. 

In spite of predictions of gloom-and-doom for remaining petro-
leum resources, gasoline consumption in the United States has been 
growing steadily in recent years, backed by such factors as strong 
economic growth and the popularity of less fuel efficient vehicles 
like sports utility vehicles (SUV). The recent turndown in the eco-
nomic climate has curbed this demand somewhat but demand is 
expected to recover and increases in the short term. 

However, demand for crude oil in the United States continued 
to grow steadily led by gasoline demand growth, and bottlenecks 
emerged in the oil product supply chain. First, domestic oil refin-
eries in the United States are operating at full capacity with the 
refining utilization rate exceeding 90% on annual average. Second, 
surplus production capacity for petroleum products in the United 
States is very limited. Finally, oil inventories in the private sector 
have remained low because of oil industry efforts to reduce costs. 

In terms of some surplus refining capacity in the United States 
(Chapter 6) and the issues regarding oil product specification, the 
problems continue in the United States market. The downstream oil 
market plays an important role in stabilizing supply and demand 
in terms of the share of the world market, because (1) the United 
States is the world's largest oil consumer and the oil price determi-
nation in US (NYMEX) influences the world oil prices, and (2) the 
oil product supply-demand balance in the United States remains 
tight as there is little or no spare domestic refining capacity. 

In addition, investor constraints also exist for refinery invest-
ments, although this may differ in existence and degree by econ-
omy. Some of these constraints are: 

1. Low return on investments including low refining 
margin, huge upfront investment costs, high risk due 
to instability and uncertainty of crude oil supply 

2. Site acquisition and permitting problems for refinery 
construction 

3. Stringent environmental standards and the changing 
fuel specifications. 
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There is some potential for refinery expansion and/or refinery 
reactivation based on current and future oil demand growth. But, 
there is uncertainty that (1) the planned refinery investment is real-
ized, and (2) the planned refinery expansion/upgrading are suffi-
cient to meet the growing and changing oil demand. 

These are only some of the factors that influence crude oil and 
product, particularly gasoline, pricing and there is a growing need 
to understand the issues related to pricing in the crude oil and gas-
oline markets. While many factors exist, the predominant factors 
are presented below. 

7.1 The Crude Oil Market 

The crude oil market is complex and depends on several facets, 
each of which can move or disturb the market either in favor of 
higher prices or in favor of lower prices. The crude oil market is 
made up of producing-exporting nations (e.g., the OPEC member 
nations) and the consuming-importing nations. 

It is no secret that the three largest crude oil consuming 
regions — North America, Europe, and Asia-Pacific — are all 
oil importers, while all of the other regions are exporters. The 
Middle East exports significantly more oil than any other region, 
despite the strong growth in production in other areas in recent 
years and the global dependence on the Middle East region for 
oil makes the geo-political importance of the Middle East readily 
understandable. 

On the other hand, there is less variation among the import-
ing regions. The Asia-Pacific economies have propelled the region 
into the top place with import growth double that of the import 
growth of any other region. Even though the United States is the 
largest individual importer, as a region North America as a region 
ranks third; Canada and Mexico are two of the top three crude oil 
suppliers to the United States and the imports of oil from these 
countries into the United States offsets imports from these neigh-
bors in the regional calculation. This has kept North America's 
import artificially low — a story not always shared or publicized 
by agencies that report monthly global imports and exports of 
crude oil. 

Crude oil is the highest traded commodity on the international 
market, whether it is measured by volume, by value, or by the car-
rying capacity needed to move it. 
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Generally, crude oil and petroleum products flow to the markets 
that provide the highest value to the supplier. Everything else being 
equal, oil moves to the nearest market first, because that has the 
lowest transportation cost and therefore provides the supplier with 
the highest net revenue, or netback. If this market cannot absorb all 
the oil, the balance moves to the next closest one thence to the next, 
incurring progressively higher transportation costs, until all the oil 
is placed. 

Because of the political instability of the Middle East, policy mak-
ers in the United States have viewed this increased dependence on 
the Western Hemisphere as the major supplier of crude oil to the 
United States, and the decreased dependence on the Middle East 
crude oil, as a welcome development. In fact, the recent growth in 
United States dependence on its Western Hemisphere neighbors is 
considered by some to be an illustration of this nearer-is-better syn-
drome because the Western Hemisphere sources now supply over 
half the United States import volume, much of it on voyages of less 
than a week. Another quarter comes from elsewhere in the Atlantic 
Basin (countries on both sides of the Atlantic Ocean) and takes just 
two to three weeks to reach the United States. Another view is that 
the importers in the United States are also seeking sources of oil that 
are, for the most part, controlled by relatively stable governments. 

As a result of the shift by the United States toward sources of 
crude oil in the Western Hemisphere, Saudi Arabia is the only sig-
nificant Middle East supplier left. Although the dependence of the 
United States on the long-haul Middle East has fallen sharply, this 
has not made prices in the United States vulnerable to a disruption 
in Middle East supplies. 

Mexico and Venezuela have consciously helped the trend 
toward short-haul shipments.They pro-actively took the strategic 
decision to make as large and as profitable a market as possible 
for poor quality crudes, since their reserves are unusually biased 
toward those hard-to-place grades. Both countries began with 
refineries that had traditionally run their own crudes, and then 
with refineries that might be upgraded to handle heavier crude 
oils. This has turned low API gravity high sulfur crude oil into the 
preferred crude oil at these sites, significantly increasing the crude 
oil self-sufficiency of the Western Hemisphere. Nevertheless, the 
political stability of both governments is always open to specula-
tion. However, in practice, the direction of crude oil trade does 
not always follow the nearest first pattern. Refinery configuration, 
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product demand, product quality specifications and politics can 
all change the rankings. 

In fact, different markets frequently place different values on 
particular grades of crude oil. For example, crude oil, which is 
more amenable to the production of low sulfur diesel, is worth 
more in the United States than it is in countries the maximum 
allowable sulfur is much higher. From another aspect, low sul-
fur crude oil is relatively more expensive in countries where 
the crude oil allows a refiner to meet tighter sulfur limits in the 
region without investing in refinery upgrades. These differences 
in the value of crude oil quality can be sufficient to overcome 
transportation costs. However, government tariffs on crude oil 
can also influence the quality of crude oil imported into some 
countries and may even negate some of the benefits derived 
from quality. 

The crude oil market can also be dominated by refinery 
placement (Chapter 6) insofar as the site of refinery placement 
(i.e. closer to the consumer market rather than close to the well-
head) takes maximum advantage of the economies of scale of 
large ships, especially as local quality specifications are increas-
ingly fragmenting the product market. The placement of a refin-
ery close to the consumer market maximizes the ability of the 
refinery to tailor the product output to the market by accommo-
dating any short-term surges such as those caused by weather, 
equipment outages, and other events. In addition, this policy also 
guards against the very real risk that governments will impose 
selective import tariffs and /or restrictions to protect the domestic 
refining sector. 

However, there are some refineries that are exceptions to this 
generality, having been developed to serve particular export 
markets. These export refining centers, such as refineries in 
Singapore, the Caribbean, and the Middle East, give rise to some 
regular inter-regional product moves, but they are the exception. 
The inter-regional products trade is largely a temporary function 
set in place to balance market demand as might occur when there 
is a high demand for heating oil due to colder than predicted 
winters. 

Transport to the market has already been mentioned but a fur-
ther comment is warranted to note that there are two modes of 
transportation for inter-regional trade: tankers and pipelines 
(Chapter 3). Tankers have made global (intercontinental) transport 
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of oil possible, and they are low cost, efficient, and extremely flex-
ible, but on the other hand, a pipeline is the method of choice for 
transcontinental movement of crude oil. 

With respect to tankers, each route usually has one size that is 
economic appropriate and is based on the following factors: 

1. Voyage length 
2. Port constraints 
3. Canal constraints 
4. Volume. 

For example, crude oil exports from the Middle East (involv-
ing high volumes and long distances) are carried mainly by very 
large crude carriers (VLCCs), which typically carry more than two 
million barrels of oil on every voyage. The economies of scale of 
the very large crude carriers outweigh the constraints imposed by 
size differences and a long voyage is often cheaper than a short 
voyage when the cost is compared on a on a per barrel basis. 
The very large crude carriers are too large for all the ports in the 
United States except the Louisiana Offshore Oil Port (LOOP) and 
must have some or all of their cargo transferred to smaller vessels 
either at sea (lightering) or at an offshore port (transshipment). In 
contrast, ships out of the Caribbean and South America are rou-
tinely smaller and can enter ports in the United States without the 
need for offshore unloading of the crude oil. 

On the other hand, pipelines are critical for transportation of 
landlocked crude oil and also complement tankers at certain key 
locations by relieving bottlenecks or providing shortcuts. In fact, 
the only inter-regional trade that currently relies solely on pipelines 
is crude from Russia to Europe. Export pipelines are also needed 
for production from the Caspian Sea region but the greatest nega-
tive for pipelines crossing national boundaries is the vulnerability 
of the pipeline to political and terrorist acts. However, pipelines 
are the primary option for transcontinental transportation because 
they are at least an order of magnitude cheaper than any alterna-
tive such as rail, barge, or road. In such cases, pipeline vulnerability 
is usually small or non-existent within national borders (such as 
the United States and Canada). In fact, the development of large 
diameter pipelines during World War II allowed the development 
of the vast pipeline network in North America that moves crude oil 
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and product within Canada, from Canada into the United States, 
and within the United States. Pipelines are also an important oil 
transport mode in mainland Europe, although the system is much 
smaller, matching the shorter distances. 

As already noted, the United States is the major importer of crude 
oil and accounts for approximately 25% of total world imports of 
crude oil. Yet its import dependency, the percentage of demand 
met by imports, is significantly lower, at about 50% than that of its 
international partners. Industrialized countries such as Japan and 
Germany have import dependency levels of 90 to 100%. 

Canada is the one country that delivers oil to the United States 
by pipeline because the majority of crude oil in Canada is land-
locked and rely almost exclusively on pipelines from Western 
Canada that tie into the transcontinental pipeline network to reach 
their main export markets, which lie all across the Northern Tier of 
the United States. 

The trade among regions of the United States is focused on the 
eastern half of the country. The Gulf Coast is by far the largest sup-
plier, accounting for more than 80% of the flow in the Petroleum 
Administration for Defense Districts (PADD). In contrast, the 
Rockies and the West Coast are isolated, in petroleum logistics 
terms, from the rest of the country. The relatively easy flow of petro-
leum from the Gulf Coast to the Midwest and the East Coast mean 
that incremental supply is more readily available to those markets 
in the event of a demand surge or supply drop. 

7.2 Global Oil Consumption 

Determining oil consumption presents an interesting problem. The 
size and complexity of the market and the number of consumers 
and suppliers make data collection a daunting task and a variety of 
approaches are necessary in order to measure (or, at best, estimate) 
consumption of crude oil. In addition, because of the variations 
in climate and topography within the United States (also includ-
ing Alaska and Hawaii), regional markets exhibit different oil 
consumption patterns. Population and regional economic activity 
are two important determinants, but the traditional availability of 
alternative fuels, petroleum transportation, geography, and a host 
of other factors are also important. 
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The most convenient method and perhaps the most accurate is to 
use the following criteria: 

1. Refinery input 
2. Refinery production 
3. Product imports 
4. Changes in inventory. 

Using the data, it is possible to arrive at general conclusions 
about the market demand and use of petroleum and petroleum 
products. While the data may not be sufficient to the nearest ten 
barrels of oil, the result will be a rage that can be used to differenti-
ate between changes in market supply and demand over a given 
period of time. 

The market demand for crude oil is derived from the demand 
for the finished products and, consequently, the industrialized 
countries are the largest consumers of oil and the countries of 
the Organization for Economic Cooperation and Development 
(OECD) account for almost more than 60% of worldwide daily oil 
consumption. It is not surprising that the developed economies 
use oil much more intensively than the developing economies 
with oil consumption in the United States being on the order 
of 2.5 gallons per capita per day. Of course, average often bare 
no relationship to reality and the oil consumption among the 
high salaried multi-vehicle families will be as much as double 
the average with an accompanying reduction in oil consumption 
by lower-income single vehicle families. No-vehicle families, 
being users of public transportation systems, will have the low-
est daily per capita consumption of petroleum. Generally, the 
United States uses more crude oil for the production of transpor-
tation fuels than for the production of fuels for heat and power. 
However, the precise amount of crude oil used for the various 
purposes varies from year-to-year, depending on weather and 
economic activity. 

In the years since the Arab Oil Embargo of 1973/74, trans-
portation has been a major component of market demand. The 
demand for non-transportation uses of oil, such as the production 
of heating fuels, has also continued but not to the same extent as 
gasoline. Overall, the transportation sector accounted for 49% of 
world oil consumption in 2005 at 38.3 million barrels of oil equiv-
alent (mboe) per day, up from a share of only one third in 1971 



THE CRUDE OIL MARKET 201 

(Figure 2.1). This share is set to continue to rise, reaching 52% by 
2030. The growing importance of the transportation sector to oil 
demand is unsurprising, given the limited fuel switching possi-
bilities and the expected continued growth in people's mobility 
(BP, 2008). 

The market for distillate fuel oil use ranks second behind gas-
oline. Unlike gasoline, which is used almost exclusively in the 
transportation sector, distillate fuel oil is used more widely for the 
following purposes: 

1. Home heating fuel 
2. Industrial power 
3. Electric generation 
4. Diesel-fueled vehicles. 

Diesel fuel used in vehicles on the highway for trucks, buses, 
and passenger cars must be low or no sulfur, while distillate fuel 
oil used off the highway for vessels, railroads, farm equipment, 
industrial machinery, electric generation, or space heating is not 
subject to the same low sulfur highway standard, but as a mat-
ter of course contains only a small amount of sulfur. The Unites 
States Department of the Treasury also requires that the non-
highway product must be dyed to distinguish it from the taxable 
on-highway diesel. These requirements also limit distribution 
flexibility for distillate fuels, requiring segregated storage and 
transportation, and preventing one product from easing short-
ages of the other. 

The market for jet fuel is the third-highest product in demand and, 
like gasoline, is largely confined to use in the transportation sector. 
The military formerly utilized a different, naphtha-based product 
for aircraft, instead of the commercial, kerosene-based product, but 
in recent years, has converted to kerosene-based jet fuel. 

Residual fuel oil is the heavy fuel used in boilers for power gen-
eration and to propel tankers and other large vessels, but the market 
has been eroded by a variety of factors, including price competition 
with newly available natural gas and environmental restrictions. 
Residual fuel oil's use for apartment building space heating is now 
confined largely to older buildings in New York City. 

Market prices of crude oil have varied over the past 25 years 
(Table 7.1; Figure 7.1) and, like those of other goods and ser-
vices, reflect both the product's underlying cost as well as market 
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Table 7.1 Crude oil price highs and 
lows over the past 25 years. 
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Figure 7.1 Crude oil price variations since 1970. 
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conditions at all stages of production and distribution. For exam-
ple, he pre-tax price of gasoline or any other refined oil product 
reflects the following: 

1. The price of crude oil 
2. Transportation from the producing field to the refinery 
3. Refining 
4. Transportation from the refinery to the market 
5. Transportation, storage and distribution between the 

market distribution center and the retail outlet or 
consumer 

6. Market conditions at each stage along the way, and in 
the local market. 

Oil markets are essentially a global auction and the price of 
crude oil, the raw material from which petroleum products are 
made, is established by the supply and demand conditions in 
the global market overall, and more particularly, in the main 
refining centers. In fact, crude oil prices are a result of thousands 
of transactions taking place simultaneously around the world, 
at all levels of the distribution chain from crude oil producer to 
individual consumer. 

Furthermore, there are several different types of transactions 
that are common in oil markets. Contract arrangements in the oil 
market in fact cover most oil that changes hands. Oil is also sold 
in spot transactions (cargo-by-cargo, transaction-by-transaction 
arrangements). In addition, crude oil is traded as a commodity in 
futures markets, which are a mechanism designed to distribute risk 
among participants on different sides, such as buyers versus sell-
ers, or with different expectations of the market, but not generally 
to supply physical volumes of oil. Both spot markets and futures 
markets provide critical price information for contract markets. 

Prices in spot markets are considered to be a signal of the 
supply/demand balance. Rising prices generally indicate that more 
supply is needed, and falling prices indicate that there is too much 
supply for the prevailing demand level. Furthermore, while most 
oil flows under contract, the price varies with spot markets. Futures 
markets also provide information about the physical supply/ 
demand balance, as well as the market's expectations. 

Seasonal swings are also an important underlying influence 
in the supply/demand balance, and hence in price fluctuations. 
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Other things being equal, crude oil markets would tend to be stron-
ger in the fourth quarter (the high demand quarter on a global 
basis, where demand is boosted both by cold weather and by stock 
building) and weaker in the late winter as global demand falls with 
warmer weather. As a practical matter, crude oil prices reflect more 
than seasonal factors and are, in fact, subject to a host of other influ-
ences. Likewise, product prices tend to be highest, relative to crude 
oil, as they move into their high demand season - late spring/early 
summer for gasoline, late autumn for heating oil. The seasonal pat-
tern in actual product prices, again, may be less obvious, because so 
many other factors are at work. 

Price change patterns can vary between regions, depending on 
the prevailing supply/demand conditions in the regional market, 
especially in the short-term. Both geography and the unique qual-
ity of the gasoline contribute to the volatility of gasoline prices. 
If sources for additional supply are limited, any unusual increase 
in demand or reduction in supply gets a large price response in 
the market. The price response, and the differences in regional 
price movements, is critical to the way the oil market redistrib-
utes products to re-balance after an upheaval. A price increase 
in one area calls forward additional supplies, which might come 
from other markets in the United States, or from incremental 
imports or they may also be augmented by increased output from 
refineries. 

Ultimately, oil prices can only be as high as the market will bear, 
as was evident during the late summer of 2008. They may be higher 
in areas with higher disposable income, where real estate values, 
wages and other measures of economic activity indicate that the 
market is more robust. However, if they rise higher than the market 
will bear, consumers will seek substitutes or downsize their cars 
and make other adjustments that reduce their consumption. If the 
local area offers unusually high profits, competitors will quickly 
enter the market, finally pushing prices down. 

Crude oil prices are the most important determinant of 
petroleum product prices, and often the most important factor in 
price changes as well. Crude oil prices reflect an overall market 
balance — when crude oil prices are low, reflecting an oversupply, 
product prices will also be low; when crude oil prices are high, 
reflecting undersupply or high demand, product prices will also 
be high. When the price of crude oil moves up or down on a 



THE CRUDE OIL MARKET 205 

sustained basis, the change will be reflected in product markets, 
all other things being equal. 

7.3 Refining and The Markets 

The petroleum refining industry converts crude oil into a wide 
slate of products, which include liquefied petroleum gas, naphtha, 
gasoline, kerosene, aviation fuel, diesel fuel, fuel oils, lubricating 
oils, wax, asphalt, and feedstocks for the petrochemical industry 
(Speight, 2007, 2011). 

Petroleum refining can be traced back over 5000 years to the 
time of the Sumerians when asphalt materials and petroleum-type 
products were isolated not only from areas where natural seepage 
occurred but also by distillation (Hsu and Robinson, 2006; Speight 
2007, 2011). Petroleum refining is a recent technology and many 
innovations evolved during the 20th century. Furthermore, as feed-
stocks change in character, these innovations will need to continue 
until petroleum refining as is currently known becomes applied to, 
and adapted to, other sources of energy (Speight, 2008). 

Refinery activities start with the receipt of crude oil for storage at 
the refinery, followed by dewatering and desalting, and include all 
of the subsequent handling and refining operations. Refining ter-
minates with storage preparatory to shipping the refined products 
from the refinery. The industry employs a wide variety of processes, 
and the composition of the crude oil feedstock and the chosen slate 
of petroleum products determine the processes selected from refin-
ing, or processing flow scheme. The selection and arrangement of 
these processes will vary among refineries, and few, if any, employ 
all of these processes. 

A refinery is a group of integrated manufacturing plants that 
vary in number with the variety of products produced (Hsu and 
Robinson, 2006; Speight, 2007, 2011) and are selected to give a 
balanced production of saleable products in amounts that are in 
accord with the demand for each. To prevent the accumulation of 
non-saleable products, the refinery must be flexible and be able 
to change operations as needed. The complexity of petroleum is 
emphasized insofar as the actual amounts of the products vary 
significantly from one crude oil to another (Ancheyta and Speight, 
2007; Speight, 2007,2011). 
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The refining industry has been the subject of the four major forces 
that affect most industries and which have hastened the develop-
ment of new petroleum refining processes: 

1. The demand for products such as gasoline, diesel, fuel 
oil, and jet fuel 

2. Feedstock supply, specifically the changing quality of 
crude oil and geopolitics between different countries 
and the emergence of alternate feed supplies such as 
bitumen from tar sand, natural gas, and coal 

3. Environmental regulations that include more strin-
gent regulations in relation to sulfur in gasoline and 
diesel, and 

4. Technology development such as new catalysts and 
processes. 

Petroleum refineries were originally designed and operated to 
run within a narrow range of crude oil feedstock and to produce a 
relatively fixed slate of petroleum products. Since the 1970s, refiners 
had to increase their flexibility in order to adapt to a more volatile 
environment. Refiners, to increase their flexibility within existing 
refineries, may use several possible paths. Examples of these paths 
are change in the severity of operating rules of some process units 
by varying the range of inputs used, thus achieving a slight change 
in output. Alternatively, refiners can install new processes and this 
alternate scenario offers the greatest flexibility, but is limited by the 
constraint of strict complementarity of the new units with the rest 
of the existing plant, and involves a higher risk than the previous 
ones. It is not surprising that many refiners decide to modify exist-
ing processes. 

The means by which a modern refinery operates depends not 
only on the nature of the petroleum feedstock, or, nowadays, the 
different crude oils that make up the blended feedstock, but also 
on its configuration (i.e., the number of types of the processes that 
are employed to produce the desired product slate). This is strongly 
influenced by the specific demands of a market. Therefore, refiner-
ies need to be constantly adapted and upgraded to remain viable 
and responsive to ever changing patterns of crude supply and prod-
uct market demands. As a result, refineries have been introducing 
increasingly complex in order to produce higher yields of, for exam-
ple, hydrocarbon fuels, from higher boiling fractions and residua. 
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Whatever the choice, refinery practice continues to evolve and 
new processes are installed in live with older modified process. The 
purpose of this chapter is to present to the reader a general over-
view of refining that, when taken into the context of the follow-
ing chapters, will show some of the differences that occurring in 
refineries. 

The configuration of any refinery-type may vary from refinery 
to refinery. Some refineries may be more oriented toward the pro-
duction of gasoline (large reforming and/or catalytic cracking), 
whereas the configuration of other refineries may be more oriented 
towards the production of middle distillates, such as jet fuel and 
gas oil. 

A modern refinery is a highly complex and integrated system 
separating and transforming crude oil into a wide variety of prod-
ucts, including transportation fuels, residual fuel oils, lubricants, 
and many other products. The simplest refinery configuration is 
the topping refinery, which is designed to prepare feedstocks for 
petrochemical manufacture or for production of industrial fuels in 
remote oil-production areas. 

The topping refinery consists of tankage, a distillation unit, 
recovery facilities for gases and light hydrocarbons, and the 
necessary utility systems of steam, power, and water-treatment 
plants. Topping refineries produce large quantities of unfinished 
oils and are highly dependent on local markets, but the addition 
of hydrotreating and reforming units to this basic configuration 
results in a more flexible hydroskimming refinery, which can also 
produce desulfurized distillate fuels and high-octane gasoline. 
These refineries may produce up to half of their output as resid-
ual fuel oil, and they face increasing market loss as the demand 
for low sulfur (even no sulfur) high sulfur fuel oil increases 
(Ansheyta and Speight, 2007; Hsu and Robinson, 2006; Speight, 
2007, 2011). 

The most versatile modern refinery configurations are the cata-
lytic cracking refinery and the coking refinery (Speight, 2007,2011). 
These refineries incorporate all the basic units found in both the 
topping and hydroskimming refineries, but also feature gas oil con-
version plants, such as catalytic cracking and hydrocracking units, 
olefin conversion plants (i.e. alkylation or polymerization units), 
and coking units for residuum conversion to reduce or eliminate 
the production of residual fuels. Modern catalytic cracking and cok-
ing refineries produce high outputs of gasoline, with the balance 
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distributed between liquefied petroleum gas, jet fuel, diesel fuel, 
and a small quantity of coke. Many such refineries also incorporate 
solvent extraction processes for manufacturing lubricants and pet-
rochemical units with which to recover propylene, benzene, tolu-
ene, and xylenes for further processing into polymers. 

To convert crude oil into desired products in an economically 
feasible and environmentally acceptable manner. Refinery process 
for crude oil are generally divided into three categories: 

1. Separation processes, of which distillation is the prime 
example 

2. Conversion processes, of which coking and catalytic 
cracking are prime examples 

3. Finishing processes, of which hydrotreating, to remove 
sulfur, is a prime example. 

Furthermore, as noted elsewhere (Chapter 6), the overall eco-
nomics or viability of a refinery depends on the interaction of five 
key elements: 

1. The crude slate (i.e. the choice of crude oils accepted 
by the refinery) 

2. The refinery configuration (i.e. the complexity of the 
refining equipment or refinery configuration) 

3. The product slate (i.e. the desired type and quality of 
products produced) 

4. The refinery utilization rates (i.e. portion of the refin-
ery capacity that is utilized) 

5. Environmental considerations. 

Using more expensive and lighter, sweeter crude oil requires 
less refinery upgrading, but supplies of light, sweet crude oil are 
decreasing and the differential between heavier and sourer crudes 
is increasing. Using cheaper heavy oil means more investment in 
upgrading processes. Costs and payback periods for refinery pro-
cessing units must be weighed against anticipated crude oil costs 
and the projected differential between light and heavy crude oil 
prices. Crude slates and refinery configurations must take into 
account the type of products that will ultimately be needed in the 
marketplace. The quality specifications of the final products are 
also increasingly important as environmental requirements become 
more stringent. 
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The petroleum refining industry provides products that are criti-
cal to the functioning of the economy. Virtually all transportation, 
including land, sea, and air, is fueled by products that are refined 
from crude oil. Industrial, residential, and commercial activities, as 
well as electricity generation, use petroleum-based products. Along 
with volatile changes in crude oil prices, the industry has faced 
evolving health, safety, and environmental requirements that have 
changed and multiplied product specifications and required capital 
investment in refineries. 

In fact, the demand for refined products — transportation fuels 
in particular — has been rising steadily over the past two decades. 
From 2000 to 2002, consumption of refined petroleum products in 
the United States peaked at an all-time high of 19.7 million barrels 
per day. 

As the demand for petroleum products has grown, the quality 
and the performance of petroleum products have changed substan-
tially as a result of environmental regulations and motor vehicle 
performance requirements. Over the next several years, the indus-
try will be upgrading its facilities for the following purposes: 

1. To produce ultra-low-sulfur gasoline and diesel fuel 
2. To blend in ethanol and other biofuels (Chapter 9) into 

gasoline and diesel 
3. To reduce the environmental impacts of plant 

operations. 

The 1990s were widely viewed by the industry as a period of 
unprecedented economic volatility and hardship, characterized by 
poor profit margins as a result of substantial excess capacity, the 
increasing cost of compliance with environmental regulations, and 
unfavorable crude oil price trends. At the same time, consolidation 
and corporate restructuring have dramatically changed the refining 
industry in the United States. In addition, most vertically integrated 
major oil companies have scaled back, shut down, or spun off their 
process technology development divisions. Many also have shed 
refineries and retail outlets leading to the emergence of new busi-
ness models and large independent refining companies. 

Since the late 1990s, the industry has undergone significant 
structural change which might alter its profitability requirements, its 
ability to provide stable product volumes to the consuming market, 
as well as its ability to adapt to current and future environmental 
requirements. 
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Operations within firms have become more autonomous. In the 
past, vertically integrated oil companies often managed down-
stream operations as a means to monetize crude oil production 
operations; for example, downstream refining operations were 
often subsidized or financed by the upstream. Currently, refining 
and marketing operations in the United States are generally man-
aged as stand-alone business units accountable for their own profit-
and-loss performance. Disaggregation of business units combined 
with new management practices has focused attention on obtaining 
greater returns from existing capital, avoiding unnecessary invest-
ment, and cutting costs. 

A few significant structural changes characterize the industry. 
Mergers, acquisitions, and joint ventures have changed the own-
ership profile of the industry, altering concentration patterns both 
regionally and nationally. A change in business model from an 
integrated component, to a stand-alone profit center, has focused 
attention on requirement of competitive profitability rates from 
each stage in the production chain if the industry is to remain 
viable in its current form. Evidence suggests that the new mar-
ket structure and business model might demand better economic 
performance from the industry. Regulatory compliance to meet 
congressionally mandated environmental standards, both on 
refined products and refinery sites, requires substantial capital 
investment by refiners, and has resulted in reduced profitability, 
according to the Energy Information Administration (ElA). To 
the extent that continued capacity expansion and technological 
investments are reduced, or not undertaken, because of low rates 
of return, U.S. dependence on imported refined products might 
increase, or product markets could be disrupted by shortages and 
price spikes. 

Consolidation and restructuring appear to have had the salu-
tary effect executives intended insofar as there are indications 
that mid-size and large-size refiners have reduced the per-barrel 
operating costs by one-third. On the other hand, the elimination 
of spare downstream capacity generates upward pressure on 
prices at the pump and produces short-term market vulnerabili-
ties. Disruptions in refinery operations resulting from scheduled 
maintenance and overhauls or unscheduled breakdowns are more 
likely to lead to acute supply shortfalls and price spikes, as mea-
sured in weeks. 
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Industry representatives emphasized the regional character of 
the markets in the United States. This point was brought out in ref-
erence to the following: 

1. Regional business strategies of refiners 
2. The constraints imposed by refinery locations 
3. Pipeline infrastructure 
4. Fuel specifications. 

In addition, market volatility and potential supply shortfalls, 
should they occur, are most likely to be of regional, not national, 
scope. The Gulf Coast, Eastern Seaboard, and Southeast are seen as 
the least-vulnerable regions because of the concentration of refiner-
ies and pipelines there and the greater accessibility of imports. The 
West Coast and Midwest were frequently cited as regions of con-
cern because of regional environmental regulations and the lack of 
easily accessible alternative supplies, among other issues. 

Increased imports of refined products, particularly motor gaso-
line, combined with growing imports of crude oil could make the 
U.S. increasingly vulnerable to shocks originating in the world 
oil market. Importing motor gasoline into the U.S. in appropriate 
volumes may become increasingly difficult because of the unavail-
ability of world supplies consistent with fuel specification require-
ments in the Unites States. 

Finally, not all investment decisions are driven by refinery eco-
nomics and market analysis. Refiners also make investment deci-
sions because of voluntary actions or legislative and regulatory 
requirements. In recent years, governments and industry have 
directed considerable effort towards reducing the environmental 
impact of burning fossil fuels. Many of the initiatives have been 
aimed at providing cleaner fuels. Petroleum refining is a very com-
plicated and capital-intensive industry. New environmental regula-
tions require industry to make additional investments to meet the 
more stringent standards. 

7.4 Profitability 

Oil company profits have increased over the past five years and 
have been very impressive. 
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Regardless of the relative magnitude of oil company prof-
its, many believe that a large percentage of oil company profits 
today are unearned in the sense that little or no additional cost 
or effort was incurred to generate them. Profits from the current 
price increase are a windfall that does may not rightly belong to 
producers, if they come at the expense of consumer welfare — or so 
the argument goes. 

Moreover, if excess profits are defined as returns above the nor-
mal profits that could be earned through investments in other 
markets, then the extraction of those profits by governments is pos-
sible only through auctions in which participants bid for the right 
to extract natural resources. Such bids take into account risk and 
uncertainty about likely outcomes ranging from no discovery to 
discovery plus low prices to discovery plus high prices. 

Proposals to extract profits after the fact are not efficient because 
they violate investor expectations and change the rules of the game 
after investments have been made. If investors think that they 
can keep natural resource profits, they will accept risk because 
the rewards are potentially quite high. The government reneges 
when investments are successful, but does not correspondingly 
help investors when returns are below expectations; investors will 
reduce their participation in energy markets because profits in 
energy attract too much political attention relative to investments 
in other areas of the economy. 

Denying investors profits, but allowing them to book losses, 
amounts to one-way capitalism. Denying the industry the oppor-
tunity to make substantial profits when supplies are tight is both 
unfair and counterproductive, in that it will discourage investment 
in the oil business, unless their losses are likewise alleviated during 
low price periods. 

The only question that remains is "how much is enough?" in 
terms of profits realized by oil companies at the expense of the 
consumer. 
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8 
Oil Supply 

Crude oil is the product of the burial and transformation of bio-
mass over the last 200 million years and, historically, has faced no 
equal as an energy source for its intrinsic qualities of extractability, 
transportability, versatility, and cost. But, the total amount of oil 
underground is finite, and, therefore, production will one day reach 
a peak and then begin to decline. Such a peak may be involuntary 
if supply is unable to keep up with growing demand. Alternatively, 
a production peak could be brought about by voluntary reduc-
tions in oil consumption before physical limits to continued sup-
ply growth kick in. Not surprisingly, concerns have arisen in recent 
years about the relationship between the growing consumption of 
oil and the availability of oil reserves and the impact of potentially 
dwindling supplies and rising prices on the world's economy and 
social welfare. Following a peak in world oil production, the rate of 
production would eventually decrease and, necessarily, so would 
the rate of consumption of oil. 

Oil can be found and produced from a variety of sources. To 
date, world oil production has come almost exclusively from what 
are considered to be conventional sources of oil. While there is no 
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universally agreed upon definition of what is meant by conven-
tional sources, they can be produced using today's mainstream 
technologies, compared to nonconventional sources that require 
more complex or more expensive technologies to extract, such as 
tar sand (oil sand in Canada) (Chapter 4) and oil shale (Chapter 9). 
Distinguishing between conventional and nonconventional oil 
sources is important because the additional cost and technologi-
cal challenges surrounding production of nonconventional sources 
make these resources more uncertain. 

However, this distinction is further complicated because what is 
considered to be a mainstream technology can change over time. 
For example, offshore oil deposits were considered to be a non-
conventional source 50 years ago; however, today they are consid-
ered conventional. This is consistent with the inclusion of tar sand 
deposits and oil shale in nonconventional sources. Some oil is being 
produced from these nonconventional sources today. For example, 
in 2005 Canada produced about 1.6 million barrels per day of oil 
from oil sands, and Venezuelan production of extra-heavy oil for 
2005 was projected to be about 600,000 barrels per day. However, 
current production from these sources is very small compared with 
total world oil production. 

Crude oil reserves (Chapter 1) are the estimated quantities of 
oil that are claimed to be recoverable under existing operating and 
economic conditions. However, because of reservoir characteristics 
and the limitations of current recovery technologies only a fraction 
of this oil can be brought to the surface; it is this producible fraction 
that is considered to be reserves. Crude oil recovery varies greatly 
from oil field to oil field based on the character of the field and the 
operating history as well as in response to changes in technology 
and economics. 

Thus, in addition to geological factors, recovery depends on sev-
eral other factors that are discussed in turn below. 

8.1 Physical Factors 

In region after region, the story is of ageing fields with depleted 
oil reserves. For example, Britain's North Sea oil is at its peak, the 
giant fields in Alaska, the former Soviet Union, Mexico, Venezuela 
and Norway are all past their peak. Oil supply in the United States 
now account for less than half the country's needs. There is always 
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a possibility of some big finds in various regions of the world, but 
once found, development of the fields is still years away. The only 
producers with an oil resource which may be capable of keeping oil 
flowing into the world market at a roughly constant level are the 
Middle East OPEC producers: Saudi Arabia, Iran, Iraq, Kuwait and 
the United Arab Emirates. 

However, most of the oil reserves of Saudi Arabia are held in 
the large Al Ghawar filed, which has been pumped since 1948 and, 
not surprisingly, the field is showing signs of exhaustion with its 
southern end now flooding with water. Saudi Arabia can keep its 
production roughly constant for another seven to ten years before 
it too has used up half its total oil resource and rolls over towards 
depletion. The move will be to smaller fields to produce smaller 
amounts of crude oil, followed by poor-quality fields, such as the 
Manifa field). 

In the other Gulf States, it is unlikely that Iran could sustain a 
higher output for the next two decades. Kuwait and one of the 
emirates, Abu Dhabi, could increase production and may well 
do so, but their reserves are small, relative to world demand. 
Only one country, Iraq, has the potential for an increase in out-
put on a scale, which could make a difference. However, Iraq's 
oil potential has not been fully explored but one estimate is that 
there are 110 billion barrels of crude oil reserves in Iraq — equal 
to more than one third of the total resource once possessed by 
Saudi Arabia. This oil could not be made immediately available, 
but it is on a scale to keep world oil production rising for a few 
more years. 

Most studies estimate that oil production will peak sometime 
between now and 2040, although many of these projections cover 
a wide range of time, including two studies for which the range 
extends into the next century (Gordon, 2007). Key uncertainties in 
trying to determine the timing of peak oil are the following: 

1. Amount of oil throughout the world 
2. Technological, cost, and environmental challenges to 

produce that oil 
3. Political and investment risk factors that may affect oil 

exploration and production 
4. Future world demand for oil. The uncertainties related 

to exploration and production also make it difficult to 
estimate the rate of decline after the peak. 
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Studies that predict the timing of the hypothetical peak in oil 
production (assuming no further discoveries of giant oil fields) use 
different estimates of how much oil remains in the ground, and 
these differences explain some of the wide ranges of these predic-
tions. Estimates of how much oil remains in the ground are highly 
uncertain because much of this data is self-reported and unverified 
by independent auditors; many parts of the world have yet to be 
fully explored for oil; and there is no comprehensive assessment 
of oil reserves from nonconventional sources. This uncertainty sur-
rounding estimates of oil resources in the ground comprises the 
uncertainty surrounding estimates of proven reserves as well as 
uncertainty surrounding expected increases in these reserves and 
estimated future oil discoveries. 

According to current estimates, more than three-quarters of the 
world's oil reserves are located in OPEC countries. The bulk of 
OPEC oil reserves is located in the Middle East, with Saudi Arabia, 
Iran and Iraq contributing 41.8% to the OPEC total. OPEC member 
countries have made significant contributions to their reserves in 
recent years by adopting best practices in the industry. As a result, 
OPEC proven reserves currently stand at 934.7 billion 900 billion 
barrels while non-OPEC reserves, including Russia, are on the 
order of 303.1 billion barrels (BP, 2008). 

There has been surprise at the OPEC estimates of proven reserves 
(Campbell and Laherrère, 1998) since OPEC estimates increased 
sharply in the 1980s, corresponding to a change in OPEC's quota 
rules that linked a member country's production quota in part 
to its remaining proven reserves. Indeed, companies that are not 
subject to the federal securities laws in the United States and their 
related liability standards, include companies wholly owned by 
various OPEC member countries where the majority of reserves 
are located. 

In addition, many OPEC countries' reported reserves remained 
relatively unchanged during the 1990s, even as they continued 
high levels of oil production. For example, estimates of reserves in 
Kuwait were unchanged from 1991 to 2002, even though the coun-
try produced more than 8 billion barrels of oil over that period and 
did not make any important new oil discoveries. The potential dis-
belief in the data reported by OPEC is problematic with respect to 
predicting the timing of a peak in oil production because OPEC 
holds most of the world's current estimated proven oil reserves. 
On the basis of reserve estimates as of December 2007, of the 
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approximately 1.24 billion barrels of proven oil reserves world-
wide, 934.7 billion barrels (75.5%) of oil are located in the OPEC 
countries, compared with 29.4 billion barrels (2.4%) in the United 
States (BP, 2008). 

The United States Geological Survey provides oil resources 
estimates, which are different from proved reserves estimates. Oil 
resources estimates are significantly higher because they estimate 
the world's total oil resource base, rather than just what is now 
proven to be economically producible. Estimates of the resource by 
the United States Geological Survey base include past production 
and current reserves, as well as the potential for future increases 
in current conventional oil reserves (often referred to as reserves 
growth) and the amount of estimated conventional oil that has 
the potential to be added to these reserves. Estimates of reserves 
growth and those resources that have the potential to be added 
to oil reserves are important in determining when oil production 
may peak. 

However, the estimating of these potential future reserves is 
complicated by the fact that many regions of the world have not 
been fully explored and, as a result, there is limited information. 
For example, in 2000, the United States Geological Survey pro-
vided a mean estimate of 732 billion barrels that have the potential 
to be added as newly discovered conventional oil, with as much 
as 25 percent from the Arctic, including Greenland, Northern 
Canada, and the Russian portion of the Barents Sea. However, rela-
tively little exploration has been done in this region, and there are 
large portions of the world where the potential for oil production 
exists, but where exploration has not been done. According to the 
United States Geological Survey there is less uncertainty in regions 
where wells have been drilled, but even in the United States, one 
of the areas that has seen the greatest exploration, some areas have 
not been fully explored, as illustrated by the recent discovery of a 
potentially large oil field in the Gulf of Mexico. 

Limited information on oil-producing regions worldwide 
also leads the United States Geological Survey to base its esti-
mate of reserves growth on how reserves estimates have grown 
in the United States. However, some experts criticize this meth-
odology; they believe such an estimate may be too high because 
the United States experience overestimates increases in future 
worldwide reserves. In contrast, EIA believes the estimate by the 
United States Geological Survey estimate may be too low. In 2005, 
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the United States Geological Survey released a study showing that 
its prediction of reserves growth has been in line with the world's 
experience from 1996 to 2003. Given such controversy, uncertainty 
remains about this key element of estimating the amount of oil in 
the ground. In 2000, the most recent full assessment of the world's 
key oil regions by the United States Geological Survey provided a 
range of estimates of remaining world conventional oil resources. 
The mean of this range was at about 2.3 trillion barrels, comprising 
about 890 billion barrels in current reserves and 1.4 trillion barrels 
that have the potential to be added to oil reserves in the future. 

Further contributing to the uncertainty of the timing of a peak 
is the lack of a comprehensive assessment of oil from nonconven-
tional sources. For example, the three key sources of oil estimates, 
Oil and Gas Journal, World Oil, and the United States Geological 
Survey, do not generally include oil from nonconventional sources. 
Yet oil from nonconventional sources is exists in large quantities. 
For example, that oil from nonconventional sources, such as the 
Alberta tar sands, and similar material in the Venezuelan depos-
its, as well as oil shale in the United States, accounts for as much 
as 7 trillion barrels of oil, which could greatly delay the onset of 
a peak in production. However, challenges facing this production 
(Chapter 9) indicate that the amount of nonconventional oil that 
will eventually be produced is highly uncertain. 

Despite this apparent uncertainty, development and produc-
tion of oil (synthetic crude oil) from the Alberta tar sands and 
Venezuelan extra-heavy oil production are under way now and the 
information available indicates that these sources will be effective 
in the near future (Chapter 5). 

8.2 Technological Factors 

In region after region, the story is of ageing fields, of the wrong sort 
of oil, of nitrogen being pumped into wells to keep up the flow, of 
new areas turning out to be dry, and oil is at its peak now. The giant 
fields in Alaska, the former Soviet Union, Mexico, Venezuela and 
Norway are all past their peak. There is a possibility of some big 
finds off the coast of west Africa, but their development is still years 
into the future, and they are not on a scale capable of making a dif-
ference. The only producers with an oil resource that may be capable 
of keeping oil flowing into the world market at a roughly constant 
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level are the Middle East OPEC five: Saudi Arabia, Iran, Iraq, Kuwait 
and the United Arab Emirates (Fleming, 2000). However, it is also 
difficult to project the timing of a peak in oil production because 
technological, cost, and environmental challenges make it unclear 
how much oil can ultimately be recovered from proven reserves, 
hard-to-reach locations, and nonconventional sources. 

The world's total production of liquid fuels from unconventional 
resources in 2006 was 2.8 million barrels per day, equal to about 
3 percent of total liquids production. Production from unconven-
tional sources included 1.2 million barrels per day from tar sand in 
Canada, 600,000 barrels per day from very heavy oils in Venezuela, 
and 320,000 barrels of ethanol per day in the United States (Annual 
Energy Outlook, 2008). 

To increase the recovery rate from oil reserves, companies 
turn to enhanced oil recovery technologies, which United States 
Department of Energy reports has the potential to increase recovery 
rates from 30 to 50 percent in many locations.These technologies 
include injecting steam or heated water; gases, such as carbon diox-
ide; or chemicals into the reservoir to stimulate oil flow and allow 
for increased recovery. Opportunities for enhanced oil recovery 
have been most aggressively pursued in the United States, where 
enhanced oil recovery technologies currently contribute approx-
imately 12 percent to U.S. production, and carbon dioxide EOR 
alone is projected to have the potential to provide at least 2 million 
barrels per day by 2020. However, technological advances, such as 
better seismic and fluid-monitoring techniques for reservoirs dur-
ing an enhanced oil recovery injection, may be required to make 
these techniques more cost-effective. Furthermore, enhanced oil 
recovery technologies are much costlier than the conventional pro-
duction methods used for the vast majority of oil produced. Costs 
are higher because of the capital cost of equipment and operat-
ing costs, including the production, transportation, and injection 
of agents into existing fields and the additional energy costs of 
performing these tasks. Finally, enhanced oil recovery technolo-
gies have the potential to create environmental concerns associ-
ated with the additional energy required to conduct an enhanced 
oil recovery injection and the greenhouse gas emissions associated 
with producing that energy, although EIA has stated that these 
environmental costs may be less than those imposed by produc-
ing oil in previously undeveloped areas. Even if sustained high oil 
prices make enhanced oil recovery technologies cost-effective for 
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an oil company, these challenges and costs may deter their wide-
spread use. 

The timing of peak oil is also difficult to estimate because new 
sources of oil could be increasingly more remote and costly to 
exploit, including offshore production of oil in deep-water and 
ultra deep-water. Worldwide, industry analysts report that deep-
water (depths of 1,000 to 5,000 feet) and ultra deep-water (5,000 to 
10,000 feet) drilling efforts are concentrated offshore in Africa, Latin 
America, and North America, and capital expenditures for these 
efforts are expected to grow through at least 2011. In the United 
States, deep-water and ultra deep-water drilling, primarily in the 
Gulf of Mexico, could reach 2.2 million barrels per day in 2016, 
according to EIA estimates. However, accessing and producing 
oil from these locations present several challenges. At deep-water 
depths, penetrating the earth and efficiently operating drilling 
equipment is difficult because of the extreme pressure and temper-
ature. In addition, these conditions can compromise the endurance 
and reliability of operating equipment. Operating costs for deep-
water rigs are 3.0 to 4.5 times more than operating costs for typical 
shallow water rigs. Capital costs, including platforms and under-
water pipeline infrastructures, are also greater. Finally, deepwater 
and ultra deep-water drilling efforts generally face similar environ-
mental concerns as shallow water drilling efforts, although some 
deep-water operations may pose greater environmental concerns 
to sensitive deep-water ecosystems. 

It is unclear how much oil can be recovered from nonconventional 
sources. Recovery from these sources could delay a peak in oil pro-
duction or slow the rate of decline in production after a peak. There 
is disagreement and much speculation about the decline rate and 
disagreement concerning the significance of the role these noncon-
ventional sources will play in the future. However, IEA estimates of 
oil production have conventional oil continuing to comprise almost 
all of production through 2030. 

The development and widespread adoption of technologies to 
displace oil will take time and effort, an imminent peak and sharp 
decline in oil production could have severe consequences. The 
technologies we examined currently supply the equivalent of only 
about 1% of U.S. annual consumption of petroleum products, and 
the United States Department of Energy projects that even under 
optimistic scenarios, these technologies could displace only the 
equivalent of about 4% of annual projected U.S. consumption by 
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around 2015. If the decline in oil production exceeded the ability of 
alternative technologies to displace oil, energy consumption would 
be constricted, and as consumers competed for increasingly scarce 
oil resources, oil prices would sharply increase. In this respect, 
the consequences could initially resemble those of past oil sup-
ply shocks, which have been associated with significant economic 
damage. For example, disruptions in oil supply associated with the 
Arab oil embargo of 1973-74 and the Iranian Revolution of 1978-79 
caused unprecedented increases in oil prices and were associated 
with worldwide recessions. In addition, a number of studies we 
reviewed indicate that most of the U.S. recessions in the post-World 
War II era were preceded by oil supply shocks and the associated 
sudden rise in oil prices. 

Ultimately, the consequences of a peak in oil production and per-
manent decline in oil production could be even more prolonged 
and severe than those of past oil supply shocks. Even then the 
decline rate is the subject of speculation. The only certainty is that 
the decline rate is happening. The most important variable is the 
amount of oil left in the reservoirs, but, even then, this is subject 
to debate and error leaving the decline rate for fields in produc-
tion difficult to assess (Eagles, 2006; Gerdes, 2007; Jackson, 2007). At 
best, generalities can be calculated. For example, for current fields 
in production a low decline rate of 2% per year would result in 
peak oil around 2018 while a more moderate decline rate at 4.5% 
per year would result in peak oil around 2015 and a high decline 
rate of 8% per year would result in peak oil around 2010. 

In addition, because the decline would be neither temporary 
nor reversible, the effects would continue until alternative trans-
portation technologies to displace oil became available in sufficient 
quantities at comparable costs. Furthermore, because oil production 
could decline even more each year following a peak, the amount 
that would have to be replaced by alternatives could also increase 
year by year. 

8.3 Economic Factors 

The economics of oil is dominated by the proximity of oil produc-
tion to the so-called peak oil. The decline in the discovery of oil over 
the past decades means that production, too, must decline. While 
there may be short-term fluctuations in oil prices, when there is a 
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belief that the price in the future will be higher than the price for 
delivery straight away, there will be a flurry of market activity to 
buy up short-term contracts. This will bid up prices, leading to a 
new equilibrium at a much higher level and persuading producers 
that the longer they leave the oil in the ground, the better the price 
they will get (Fleming, 2000). 

In addition, foreign investment in the oil sector could be necessary 
to bring oil to the world market but many countries have restricted 
foreign investment. Lack of investment could hasten a peak in oil 
production because the proper infrastructure might not be avail-
able to find and produce oil when needed, and because technical 
expertise may be lacking. The important role foreign investment 
plays in oil production is illustrated in Kazakhstan where opening 
the energy sector to foreign investment in the early 1990s led to 
a doubling in oil production between 1998 and 2002. In addition, 
we found that direct foreign investment in Venezuela was strongly 
correlated with oil production in that country, and that when for-
eign investment declined between 2001 and 2004, oil production 
also declined. 

The lack of technical expertise can lead to less sophisticated drill-
ing techniques that actually reduce the ability to recover oil in more 
complex reservoirs. For example, according to industry officials, 
some Russian wells have difficulties with high water cut (a high 
ratio of water to oil), making oil difficult to get out of the ground 
at certain price levels for crude oil. This water cut problem stems 
from not using technically advanced methods when the wells were 
initially drilled. The Venezuelan national oil company, PDVSA, lost 
technical expertise when it fired thousands of employees following 
a strike in 2002 and 2003. In contrast, other national oil companies, 
such as Saudi Aramco, are widely perceived to possess consider-
able technical expertise. 

A high proportion of approximately 85% of the world's proven 
oil reserves are in countries with medium-to-high investment risk 
or where foreign investment is prohibited. For example, over one-
third of the world's proven oil reserves lie in only five countries: 
China, Iran, Iraq, Nigeria, and Venezuela. All of these countries 
have a high likelihood of seeing a worsening investment climate. 
hree countries with large oil reserves (Saudi Arabia, Kuwait, and 
Mexico) prohibit foreign investment in the oil sector, and most 
major oil-producing countries have some type of restrictions on 
foreign investment. Furthermore, according to the United States 
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Department of Energy some countries that previously allowed for-
eign investment, such as Russia and Venezuela, appear to be reas-
serting state control over the oil sector. 

National oil companies may have additional motivations for 
producing oil, other than meeting consumer demand. For instance, 
some countries use some profits from national companies to sup-
port domestic socioeconomic development, rather than focusing 
on continued development of oil exploration and production for 
worldwide consumption. Given the amount of oil controlled by 
national oil companies, these types of actions have the potential to 
result in oil production that is not optimized to respond to increases 
in the demand for oil. 

While current high oil prices may encourage development and 
adoption of alternatives to oil, if high oil prices are not sustained, 
efforts to develop and adopt alternatives may fall by the wayside. 
The high oil prices and fears of running out of oil in the 1970s and 
early 1980s encouraged investments in alternative energy sources, 
including synthetic fuels made from coal, but when oil prices 
fell, investments in these alternatives became uneconomic. More 
recently, private sector interest in alternative fuels has increased, 
corresponding to the increase in oil prices, but uncertainty about 
future oil prices can be a barrier to investment in risky alternative 
fuels projects. Also, interest in fuel efficiency tends to increase as 
gasoline prices rise and decrease when gasoline prices fall. 

Moreover, the economic principles, which explain how a mar-
ket economy works, tend to break down when applied to natural 
resources such as oil. In fact, there are two ways in which the prin-
ciples of market economics do not apply to crude oil: (1) the cur-
rent price of oil has virtually no influence on the rate at which it is 
discovered and (2) the rules of supply and demand do not always 
hold and a rise in the price of crude oil does not always lead to an 
increase in production. 

There is still a large quantity of oil in the ground but what really 
matters is not how much remains, but the turning point at which 
the flow of oil hits its peak and starts to turn down. Furthermore, 
the world as a whole currently uses at least 30% more oil now than 
it did in 1970, and the fact that its consumption of gas has risen 
many times over does not mean that there is less dependency on 
oil. It does mean that the world has become more dependent on 
gas. The move to alternate sources of energy is touted as the savior 
of the energy-consuming countries. But, there are time lags. 
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There are assumptions that renewable sources of energy will 
come on stream just in time to take over from oil. All that is 
required is to wait for the price signal insofar as when oil becomes 
more expensive, energy from alternative sources will be immedi-
ately available and solve the energy problems. The unanswered 
question related to fiscal actions taken by the OPEC nations that 
might deter governments from tackling and funding the devel-
opment of the more expense alternate energies. One also has to 
wonder if the politicians at various levels of government are will-
ing to tell their respective constituents that, for example, gaso-
line from a renewable source will cost more than gasoline from 
petroleum at the risk of losing votes and a their respective seats 
in government. 

In addition, the development of alternative energy sources 
to fill the void left by the end of petroleum will take time. The 
development of renewable energy systems needs to be sup-
ported by decisive, well-coordinated action by governments, 
in sustained multi-decade programs. Only then will renewable 
sources be poised to supplement petroleum. Obviously, if the oil-
consuming nations wait for the market to give the price signal 
that renewable forms of energy should now be developed, the 
effort we start 25 years too late and there will be a destabilizing 
energy gap. 

The economics of oil is now dominated by its close proximity 
to the output peak. The steep decline in the discovery of oil since 
1965 means that production must eventually decline beyond a 
point of no return. Recent rises in oil prices suggest that the very 
high prices associated with the summer of 2008 and the fluctua-
tions to more moderate prices are temporary. The tension between 
demand and the reduced growth in supply can be expected to 
raise prices again. When the consumers begin to believe that the 
price in the future will be higher than the price for delivery, there 
will be a rush to buy up short-term contracts leading to new price 
equilibrium, but at a much higher level. This may even be a sig-
nal to producers that the longer they leave the oil in the ground, 
leading to a higher price for oil resulting in a stalemate between 
high prices and flattened demand before supply collapses into a 
decline. 

The consequences of such an economic turndown will affect the 
two main purposes for which oil is used: food and transport. 
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Agriculture in the oil-consuming world is heavily dependent 
on crude oil, but this dependency could be reduced by a switch 
to renewable sources of energy, such as solar and wind power. 
However, that invokes the concept of a multi-year — perhaps two 
decades — transition period. In short, the dependency played by 
crude oil in the provision of food is almost non-negotiable and will 
force consumers to continue to buy oil to the limit of their resources. 

The need for crude oil to keep transport moving in the United 
States will remain real and unavoidable for at least 25 years. The US 
economy is organized on the assumption of cheap, long-distance 
transport. As is already evident, in these times crude oil supply is 
in decline, the United States is increasing its consumption. With the 
daily lives of consumers locked into dependency on road transport, 
it is already evident that the consumers are straining to cope with 
prices and there are already signs of economic destabilization. 

Governments are now in a dilemma and have to acknowledge 
this problem with the implications that the economics of oil must 
be taken seriously. If the barrier between rational thinking and 
institutional complacency continues to hold, the energy future will 
be bleak. 

As governments eventually acknowledge the problem of oil 
supply and demand and the various economic consequences, the 
first step should be to establish a dialogue with their public and 
no to pontificate. The government needs to inform the public of 
the proposed actions since, by then (perhaps even now), the pub-
lic will require political leaders who present themselves as moving 
towards economic stability. 

For example, governments must organize the quest for alterna-
tive energy sources and conservation technologies. However, an 
energy system based on renewable sources is not capable at this 
time of providing the energy needed for transport on the present 
scale but, nevertheless, a meaningful (not a token) start must be 
made and available technologies, such as solar and wind technolo-
gies, need to be applied urgently. 

In the interests of economic stability, there may be a case, despite 
the climate change implications, for the United States and other 
coal-rich countries to move to the use of coal as a source of trans-
portation fuels (Chapter 9). The use of coal can help such countries 
buy time in the form of a coal-based energy system that will allow 
development future sources of alternate energy. During this time, 
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the increased emissions of carbon dioxide will be partly compen-
sated for by a decline in emissions from oil. 

8.4 Geopolitical Factors 

The true picture of oil supply may never be known. Difficult as 
it is because of a variety of factors, reporting data on oil produc-
tion or oil reserves is a political act (Laherrère, 2001). The SEC, to 
satisfy bankers and shareholders, obliges the oil companies listed 
on the US stock market to report only proved reserves and to omit 
probable reserves that are reported in the rest of the world. This 
practice of reporting only proved reserves can lead to a strong 
reserve growth since 90% of the annual reserves oil addition 
come from revisions of old fields, showing that the assessment 
of the fields was poorly reported. This reserve growth of conven-
tional oil reserves is incorrectly attributed to technological prog-
ress. Technical data, on which development decisions are based, 
exist but they are confidential. Reporting of production is not 
much better and may give a false impression of oil abundance 
(Simmons 2000). 

The pricing for crude oil is generally politically determined. 
Treated as a commodity, and hence traded for profit by private cor-
porations and producing nations, crude oil has long been thought of 
as subject to the free interplay of competitive forces, but is actually 
influenced by political considerations. The modern oil corporation, 
with assets greater than those of most countries, has maintained 
basic surveillance over all energy development. A brief summary of 
the history of oil (Chapter 1) will show the manner in which politics 
enters into the oil picture. 

The modern era of oil production and the ensuing age of petro-
politics began on August 27, 1859, when Edwin L. Drake drilled 
the first successful oil well 69 feet deep near Titusville in north-
western Pennsylvania. Just five years earlier, the invention of the 
kerosene lamp had ignited intense demand for oil. By drilling an 
oil well, Drake had hoped to meet the growing demand for oil 
for lighting and industrial lubrication. Drake's success inspired 
hundreds of small companies to explore for oil. In 1860, world 
oil production reached 500,000 barrels; by the 1870s production 
soared to 20 million barrels annually. In 1879, the first oil well was 
drilled in California; and in 1887, in Texas. As production boomed, 
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prices fell and oil industry profits declined, until in 1882, John D. 
Rockefeller had devised a solution to the problem of competition 
in the oil fields: the Standard Oil Trust. This brought together 40 
of the nation's leading refiners and through its control of refining, 
Standard Oil was able to control the price of oil. 

During the early 20th century, oil production continued to climb. 
By 1920, oil production reached 450 million barrels, prompting fear 
that the nation was about to run out of oil. Government officials 
predicted that the nation's oil reserves would last just ten years. 
Up until the 1910s, the United States produced between 60 and 70% 
of the world's oil supply. As fear grew that American oil reserves 
were dangerously depleted, the search for oil turned worldwide. 
Oil was discovered in Mexico at the beginning of the 20th century, 
in Iran in 1908, in Venezuela during World War I, and in Iraq in 
1927. Many of the new oil discoveries occurred in areas dominated 
by Britain and the Netherlands: in the Dutch East Indies, Iran, and 
British mandates in the Middle East. By 1919, Britain controlled 
50% of the world's proven oil reserves. 

After World War I, a bitter struggle for control of world oil reserves 
erupted. The British, Dutch, and French excluded American com-
panies from purchasing oil fields in territories under their control. 
Congress retaliated in 1920 by adopting the Mineral Leasing Act, 
which denied access to American oil reserves to any foreign coun-
try that restricted American access to its reserves. The dispute was 
ultimately resolved during the 1920s when American oil compa-
nies were finally allowed to drill in the British Middle East and the 
Dutch East Indies. 

The fear that American oil reserves were nearly exhausted 
ended abruptly in 1924, with the discovery of enormous new oil 
fields in Texas, Oklahoma, and California. These discoveries, along 
with production from new fields in Mexico, the Soviet Union, and 
Venezuela, combined to drastically depress oil prices. By 1931, 
with crude oil selling for 10 cents a barrel, domestic oil produc-
ers demanded restrictions on production in order to raise prices. 
Texas and Oklahoma passed state laws and stationed militia units 
at oil fields to prevent drillers from exceeding production quotas. 
Despite these measures, prices continued to fall. 

In a final bid to solve the problem of overproduction, the fed-
eral government stepped in. Under the National Recovery 
Administration, the federal government imposed production 
restraints, import restrictions, and price regulations. After the 
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Supreme Court declared the NRA unconstitutional, the federal 
government imposed a tariff on foreign oil. 

During World War II, the oil surpluses of the 1930s quickly dis-
appeared. Six billion of the seven billion barrels of petroleum used 
by the allies during the war came from the United States. Public 
officials again began to show concern that the United States was 
running out of oil. 

On the other hand, world oil prices were so low that Iran, 
Venezuela, and Arab oil producers banded together in 1960 to 
form OPEC (the Organization of Petroleum Exporting Countries) 
cartel, to negotiate for higher oil prices. By the early 1970s, the 
United States depended on the Middle East for a third of its oil and 
foreign oil producers were finally in a position to raise world oil 
prices. The oil embargo of 1973 and 1974, during which oil prices 
quadrupled, and the oil crisis of 1978 and 1979, when oil prices 
doubled, underscored the vulnerability of the United States to for-
eign producers. 

The oil crises of the 1970s had an unanticipated side effect. Rising 
oil prices stimulated conservation and exploration for new oil 
sources. As a result of increasing supplies and declining demand, 
oil prices fell from $35 a barrel in 1981 to $9 a barrel in 1986. The 
sharp slide in world oil prices was one of the factors that led Iraq 
to invade neighboring Kuwait in 1990 in a bid to gain control over 
40 percent of Middle Eastern oil reserves. 

On the other hand, oil producers operating outside of the 
OPEC cartel are responsible for producing 60% of the world's 
oil and face increasing production hurdles. However, many of 
the non-OPEC producers have older, less productive wells, rising 
costs for new projects, and in some cases rising domestic demand 
that may cut into exports. Higher prices have made difficult oil 
projects more lucrative, leading to increases in unconventional 
oil production, but that could change. Declines in non-OPEC pro-
duction come at a time when investment in new oil production 
is more difficult because of tightening credit markets, oil price 
volatility, and resource nationalism. While a few producers are 
expected to offset some of these declines, new production is com-
ing online more slowly than originally projected and the world is 
entering a period of growing demand amidst tightening supplies 
(NPC, 2007). 

Five of the world's 15 largest oil producers are outside of OPEC; 
as of 2008, those countries are Russia, the United States, China, 
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Mexico, Canada, Norway, and Brazil http://tonto.eia.doe.gov/ 
country/index.cfm. Non-OPEC nations produced approximately 
60% of total production for the year. 

However, many non-OPEC producers are faced with wells that 
are quickly depleting. Some major producers, such as the United 
States, Mexico, and Norway, have experienced a decline in produc-
tion in recent years but, on the other hand, non-OPEC production, 
although declining, has been bolstered by the significant increases 
in production from Brazil, Canada, Russia, and other former Soviet 
states (BP, 2008). In 2009, non-OPEC production is expected to 
increase by 1.5 million barrels per day. 

8.5 Peak Oil 

After all of the above issues have been taken into account, there 
remains an issue that is in actual fact a combination of those above. 
And that is peak oil, the point in time when the maximum rate of 
global petroleum recovery realized, after which the rate of produc-
tion enters terminal decline (Deffeyes, 2002,2005). 

However, peak oil is not about running out of oil but the peaking 
and subsequent decline of the production rate of oil. Many observ-
ers have interpreted peak oil to mean that the world is running out 
of oil at the time of the peak and the downside (the decreased pro-
duction side of the curve) is often thought to be a precipice down 
which the oil-consuming nations (the oil-importing nations) speed 
to oblivion. 

8.5.1 Peak Oil Theory 
M. King Hubbert created the Hubbert peak theory in 1956 to accu-
rately predict that oil production in the United States would reach 
a maximum between 1965 and 1970 (Hubbert, 1956). The concept 
is based on the observed production rates of individual oil wells, 
and the combined production rate of a field of related oil wells. 
The aggregate production rate from an oil field over time appears 
to grow exponentially until the rate peaks and then declines, some-
times rapidly, until the field is depleted. 

According to the Hubbert postulate, the production rate of a lim-
ited resource, such as crude oil, will follows a bell-shaped curve rep-
resenting increase in production following by a diminished rate of 

http://tonto.eia.doe.gov/
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production, then a decline in production. Furthermore, the Hubert 
model has been shown to be descriptive of the peak and decline of 
production from oil fields in many countries (Brandt, 2007). 

Hubbert predicted in 1974 that peak oil would occur (if the 
trends prior to 1974 continued) in 1995 (http://www.hubbertpeak. 
com/hubbert/natgeog.htm). However, in the late 1970s and early 
1980s, global oil consumption actually dropped due to the shift 
to energy-efficient cars and the shift to electricity and natural gas 
for heating, then rebounded to a lower level of growth in the mid 
1980s. Thus, oil production did not peak in 1995, and has climbed 
to more than double the rate initially projected. This underscores 
the fact that the only reliable way to identify the timing of peak 
oil may be in retrospect. However, predictions have been refined 
through the years as up-to-date information becomes more readily 
available, such as new reserve growth data. Predictions of the tim-
ing of peak oil include the possibilities that it has recently occurred, 
that it will occur shortly, or that a plateau of oil production will 
sustain supply for several decades. None of these predictions dis-
pute the peaking of oil production, but disagree only on when it 
will occur. 

However, the argument for peak oil is not presented in the con-
text of a systematic evaluation of available data. The concept of the 
Hubbert-derived bell was a start in terms of a necessary examina-
tion of a finite resource and has been accepted as fact by many who 
fail to recognize that the potential for a skewed bell curve through 
the potential of technological advances and the impact of heavy 
oil and tar sand bitumen; the original concept was developed in 
the mid-to-late 1950s. Indeed, the post-peak reservoir decline curve 
assumptions are rebutted by observation that the geometry of typi-
cal oilfield production profiles is often distinctly asymmetrical and 
does not generally show a precipitous mirror-image decline in pro-
duction after an apparent peak. 

In fact, the peak oil theory, because it has been approached as 
an emotional issue, is causing confusion leading to inappropriate 
actions that turn attention away from the real issues. Oil is critical 
to the global economy and emotional outbursts should not replace 
careful analysis about the very real challenges with delivering 
liquid fuels to meet the needs of growing economies. However, 
the global decline will begin by 2020 or later, and assume major 
investment in energy alternatives will occur before a crisis, without 
requiring major changes in the lifestyle of heavily oil-consuming 
nations (Jackson, 2006). 
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Historically, this is the fifth time that the world is said to be run-
ning out of oil. Each time (whether it was the shortage of gasoline 
at the end of World War I or the gasoline shortage of the 1970s) 
advances in technology have managed to offset the decline of avail-
able oil. In fact, there is sufficient crude oil remaining in the ground 
that will become available as more technological advances are 
explored. 

Conventional crude oil reserves include all crude oil that is tech-
nically possible to produce from reservoirs through a well bore, 
using primary, secondary, improved, enhanced, or tertiary meth-
ods; this does not include liquid fuels produced from tar sand, coal, 
oil shale, and gas-to-liquid process (Chapter 9) (Speight, 2008). Oil 
reserves (Chapter 2) are classified as proven, probable, and pos-
sible. Proven reserves are generally intended to have at least 90% 
or 95% certainty of containing the amount specified. Probable 
reserves have an intended probability of 50%, and the possible 
reserves have an intended probability of 5% or 10%. Current tech-
nology is capable of extracting about 40% of the oil from most wells 
and it is likely that future technology will make further extraction 
possible. 

The global resource base of conventional and unconventional 
oils, including historical production of 1.08 trillion barrels and 
yet-to-be-produced resources, is 4.82 trillion barrels and likely to 
grow (Jackson, 2006) — the operative word being likely — but 
subject to advances in technology making unavailable residual 
oil available, likely has the distinct chance of becoming real; and 
such oil does not include the so-called yet-to-be-discovered oil 
(Chapter 9). 

However, there is some question about the validity of the reserves 
estimates given by oil-producing (OPEC) countries (Campbell and 
Laherrère, 1998; Cohen, 2007). Many of the so-called reserves may 
actually be inflated and are, in fact, resources; they are not delin-
eated and are inaccessible, so are unavailable for production. 

Nevertheless, it is thought that global crude oil production will 
follow an undulating plateau for one or more decades before declin-
ing slowly and the slope of decline will be more gradual and much 
less steep as the rapid rate of increase of oil discoveries (Figure 8.1) 
(Jackson, 2006; Cohen, 2007). It is anticipated that increasing oil 
prices to support the current production plateau for another two 
decades, but beyond that, at a time when the world's oil fields will 
be severely depleted (Campbell 2004a, 2004b, 2005), it is difficult to 
predict the actual events. 
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Figure 8.1 Illustration of the undulating plateau (skewed bell curve) of oil 
production. 
*Source: Cambridge Energy Research Associates. 

Furthermore, this production pattern (for the original Hubbert 
prediction) does not include the impact of heavy oil field and 
tar sand bitumen (Chapters 2 and 5) on the availability of oil by 
conversion of the latter to synthetic crude oil. In addition, tech-
nologies for the production of gas-related liquids (condensate and 
natural gas liquids), gas-to-liquids (GTL), and coal-to-liquids (CTL) 
(Chapter 9) will also be needed to bridge the potential gap in the 
supply of liquid fuels. 

In short, before the panic that the world is running out of oil, 
continues, all of the options must be explored on a logical and sys-
tematic basis. 

On the other hand, the rigid belief in undiscovered oil resources 
(Chapter 9) should not detract from the depletion of known oil 
reserves. The importance of tar sand resources in Canada and 
similar resources of the Orinoco tar belt and oil shale resources 
(Chapter 9) provide a global inventory which, when developed, 
will allow productive capacity of hydrocarbon-based fuels to con-
tinue to expand and continue well into the foreseeable future. 

Pessimistic predictions of future oil production operate on the 
thesis that either the peak has already occurred or that it will occur 
shortly and predictions vary greatly as to what exactly these nega-
tive effects would be. 
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The demand side of peak oil is concerned with the consump-
tion over time, and the growth of this demand. For example, world 
crude oil demand has grown at almost 2% per year from 1994 and 
is projected to increase more than 30% over current levels by 2030 
(i.e., 118 million barrels per day from 86 million barrels), due in 
large part to increases in demand from the transportation sector 
(EIA, 2007). 

Heavy crude oil and unconventional sources of liquid fuels 
(such as tar sands and oil shale) are not counted as part of oil 
reserves. However, oil companies can book them as proven 
reserves after opening a mine for tar sand and, thence, bitumen 
recovery, or thermal facility for recovery of modified bitumen. 
These unconventional sources are not as efficient to produce, 
however, requiring extra energy to refine, resulting in higher 
production costs more greenhouse gas emissions per barrel 
equivalent. While the energy used, resources needed, and envi-
ronmental effects of extracting unconventional sources has tradi-
tionally been prohibitively high, the three major unconventional 
oil sources being considered for large scale production are the 
heavy oil and bitumen in the Orinoco Belt of Venezuela), the tar 
sand at Athabasca in Alberta), and the oil shale of the Green River 
formation of Colorado, Utah, and Wyoming in the United States. 
Taken together, these resource occurrences are approximately 
equal to the Identified Reserves of conventional crude oil accred-
ited to the Middle East (Speight, 2008). 

However, despite the large quantities of oil available in non-
conventional sources, limitations on production prevent them from 
becoming an immediate replacement for conventional crude oil and 
peak oil will still be a reality. Even under highly optimistic assump-
tions, production of synthetic crude oil from the Alberta tar sand 
could reach 5 million barrels per day by 2030 provided there was an 
immediate program for development (Söderbergh et al., 2007) mak-
ing it possible that within the foreseeable future the world's extra 
oil supply will likely come from unconventional sources. 

8.5.2 Effects and Consequences of Peak Oil 

The widespread use of fossil fuels has been one of the most impor-
tant stimuli of economic growth and has allowed the consump-
tion of energy at a greater rate than it is being replaced (Yergin, 
1993). Thus, the impact of peak oil will depend heavily on the rate 
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of decline and the timely development and adoption of effective 
alternative sources of energy (Chapter 9). If alternatives are not 
forthcoming in a timely manner, the multitude of products from 
crude oil would become scarce and expensive, which, at the very 
least, could lower living standards in developed and develop-
ing countries alike, and in the worst case lead to worldwide eco-
nomic collapse. With increased tension between countries over 
dwindling oil supplies, political situations may change dramati-
cally and inequalities between countries and regions may become 
exacerbated. 

The peaking of world oil production presents the U.S. and the 
world with an unprecedented risk management problem (Hirsch 
et al, 2005). As peaking is approached, liquid fuel prices and price 
volatility will increase dramatically, and, without timely mitiga-
tion, the economic, social, and political costs will be unprecedented. 
Viable mitigation options exist on both the supply and demand 
sides, but to have substantial impact, they must be initiated more 
than a decade in advance of peaking. 

World oil peaking is going to happen, but whether it will occur 
slowly or abruptly is not certain. There will be an adverse effect on 
global economies, particularly in those nations most dependent on 
oil. However, the adoption of alternate technologies to supplant the 
deficit in oil production will require a substantial time period on the 
order of ten-to-twenty years. If actions are taken before the onset of 
peak oil, economic upheaval is not inevitable and the problems can 
be solved with existing technologies but government intervention 
is necessary. 

The issue of peak oil can be overcome by the following factors: 

1. Delay until world oil production peaks before taking 
crash program action — this would leave the world 
with a significant liquid fuel deficit for more than two 
decades 

2. Initiate an urgent program for alternate fuel source 
development 10 years before world oil peaking — this 
would leave a liquid fuels shortfall for several years 
(perhaps a decade) after peak oil 

3. Initiate an urgent program for alternate fuel source 
development 20 years before peak oil — this would 
offer the possibility of avoiding a world liquid fuels 
shortfall for the forecast period. 
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The development of such programs will reduce the consumption 
of traditional petroleum sources as well as affect the timing of peak 
oil and the shape of the Hubbert curve. 

8.6 The Impact of Heavy Oil and Tar Sand 
Bitumen 

Tar sand, called oil sand in Canada, is a deposit of sand contain-
ing bitumen that is so viscous it will not flow and is immobile in 
the deposit unless heated (Chapter 2). As described elsewhere 
(Chapter 1), the definition of tar sand bitumen is derived from the 
definition of tar sand that has been defined by the United States 
government (FE-76-4): 

[Tar sands]...the several rock types that contain an extremely 
viscous hydrocarbon which is not recoverable in its natural 
state by conventional oil well production methods includ-
ing currently used enhanced recovery techniques. The 
hydrocarbon-bearing rocks are variously known as bitumen-
rocks oil, impregnated rocks, oil sands, and rock asphalt. 

By inference, heavy oil is a resource that can be recovered in its 
natural state by conventional oil well production methods, includ-
ing currently used enhanced recovery techniques. Under this defi-
nition, the Cold Lake oil being covered by cyclic steam stimulation 
(one of the methods enumerated in the US Congressional Record 
would not be classified as tar sand bitumen but as heavy oil. While 
most conventional crude oil flows naturally or is pumped from the 
ground, tar sand bitumen must be recovered by mining or recov-
ered in-situ before being converted into an upgraded crude oil 
that can be used by refineries to produce gasoline and diesel fuels. 
Alberta, Canada, contains at least 85% of the world's proven oil 
sands reserves. In the United States, tar sand deposits are located in 
Alabama, Alaska, California, Texas, and Utah. 

Heavy oils are dense, viscous oils that generally require advanced 
production technologies, such as enhanced oil recovery, and sub-
stantial processing to be converted into petroleum products. Heavy 
oils differ in their viscosities and other physical properties, but 
advanced recovery techniques, such as enhanced oil recovery, are 
required for both types of oil. 



238 PETROLEUM TECHNOLOGY, ECONOMICS, AND POLITICS 

Heavy oil can be found in Alaska, California, and Wyoming, and 
exist in other countries besides the United States and Venezuela. 
However, like production from oil sands, heavy oil production in 
the United States presents environmental challenges in its con-
sumption of other energy sources, which contributes to greenhouse 
gases, and potential groundwater contamination from the injec-
tants needed to thin the oil enough so that oil will flow through 
pipes. Canadian tar sand and heavy oil, and Venezuelan tar sand 
and heavy oil are expected to represent cumulatively at least 3 tril-
lion barrels of higher cost crude oil resources. In fact, the known 
heavy oil reserves in Venezuela represent almost 90% of the proven 
heavy oil reserves in the world. Venezuelan production of heavy oil 
approaching one million barrels per day per day is projected to be 
sustained at this rate through 2040. 

Worldwide production of tar sand bitumen, largely from Alberta, 
contributed approximately 1.6 million barrels of oil per day, and 
over the next 10 to 12 years output is expected to increase to 
3.5 million barrels per day by 2030. More refiners will begin invest-
ing to process it and come to depend on the Synbit and Dilbit for a 
significant part of their supply (Pavone, 2009). However, produc-
tion of liquid fuels from tar deposits presents significant environ-
mental challenges. The production process uses large amounts of 
natural gas, which generates greenhouse gases when burned. In 
addition, large-scale production of bitumen and synthetic fuel from 
tar sand requires significant quantities of water, typically produce 
large quantities of contaminated wastewater, and alter the natural 
landscape. These challenges may ultimately limit production from 
this resource, even if sustained high oil prices make production 
profitable. 

Nevertheless, the forecast is for the addition of significant tar 
sand capacity, which includes significant additions to capacity 
from both surface mining and in-situ production using injected 
steam (Pavone, 2009). Of the alternative methods, in-situ produc-
tion is expected to grow at a much faster pace than conventional 
mining methods. In addition, North West Upgrading will install 
an upgrader in Sturgeon County, Canada, capable of upgrading 77 
000 barrels per day of bitumen. The upgrader will use delayed coke 
(Lurgi) gasifiers and a hydrocracking unit utilizing the LC-Fining 
technology (Lummus Chevron). Commercial heavy oil develop-
ments have been considered (or are occurring) in Iran (Soroosh-
Nowruz fields), Oman (Mukhaizna field) as well as Brazil (Marlim 
Sul and Jubarte) and Occidental Petroleum has taken a 15% share 
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of Total's Joslyn project for $500 MM, replacing co-owner Enerplus 
Resources. 

In terms of oil producing countries, the stability of the politi-
cal situation in Canada is enviable and it is not surprising that 
Canadian oil sands production has seen repeated investment and 
has grown from relatively modest quantities in 1967 (Suncor, for-
merly Great Canadian oil Sands — 49,000 barrels per day of bitu-
men) and 1978 (Syncrude — 50,000 barrels per day of bitumen) to 
volumes in excess of 1 million barrels per day (TD Securities, 2007; 
Speight, 2007). 

As a result, Athabasca the tar sands are making a significant 
contribution to Canada's total oil production, which is in excess of 
3,000,000 million barrels per day (BP, 2008). Oil sand production will 
continue to increase and offset the decline in conventional crude oil 
production, ultimately becoming Canada's foremost source of oil -
being projected to make up about two thirds of Canadian oil pro-
duction during the next decade (http://www.mining-technology. 
com/projects/athabascasands/). At the time of writing, informa-
tion obtained from literature sources that describe oil sand devel-
opment indicate that production of synthetic crude oil from the 
Canadian oil sand deposits is on the order of 1,250,000 barrels per 
day. However, the type of tar sand reserves found at any given site 
dictates the extraction method that must be used (e.g., see Gingras 
and Rokosh, 2004; Speight, 2007) leading to variations in the cost of 
bitumen production. 

Where tar sand deposits are relatively close to the surface, open-
pit mining coupled with the hot water extraction process can be 
used to recover bitumen. Deeper deposits require in-situ methods 
such as steam injection through vertical or horizontal wells. This 
separates the bitumen from the sand in its underground reservoir 
prior to the liquid being pumped to the surface for collection and 
further processing. 

The production of synthetic crude oil from the Canadian tar sands 
will help offset the overall North American decline in conventional 
light crude production and assist in meeting the expected increased 
demand for refined petroleum products. Refiners in the United 
States have already switched to running Canadian heavy crude oil, 
as well as blends of synthetic crude oil and bitumen (synbit) that 
compete against medium sour crude oil as refinery feedstock. 

In June 2007, the potential impact of heavy oil and bitumen faced 
a setback when ExxonMobil Corporation and ConocoPhillips, two 
of the largest U.S. oil companies, abandoned their multi-billion 
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dollar investments in the heavy oil and bitumen resources of the 
Orinoco basin in Venezuela (Pirog, 2007). This action followed the 
breakdown of negotiations between the companies and the gov-
ernment of President Hugo Chavez and Petróleos de Venezuela SA 
(PDV), the Venezuelan national oil company. However, four other 
international oil companies, including Total SA from France, Statoil 
from Norway, BP from Great Britain, and Chevron from the United 
States, accepted agreements that raised the PDV share in their 
Orinoco projects from approximately 40% to a controlling interest 
of about 78%. 

However, producing synthetic crude oil from the Canadian tar 
sands is significantly more costly than producing conventional 
crude oil. Tax and royalty conditions in some jurisdictions often 
result in an economic environment for an operating company 
where its actual cost becomes far higher than simple production 
cost because of these taxes. As a result, Canadian tar sands econom-
ics, when compared to other tax and royalty environments, can be 
more desirable. Unfortunately, below a certain nominal price of oil, 
Canadian tar sands are not economically viable even if there are no 
royalty considerations. For existing tar sand producers with depre-
ciated assets that were built when the cost of construction was far 
lower than it is today, that breakeven point is thought to be some-
where around $25 per barrel, whereas for new projects, the break-
even point may be closer to $100 per barrel (Pavon, 2009). 

Synthetic crude oils derived from tar sands and other heavy 
hydrocarbons are priced at a significant discount to benchmark 
crude oils that are both lighter (lower viscosity) and sweeter (lower 
sulfur content). In order to upgrade synthetic crude oils from tar 
sands to the same yield of clean refined fuels, significantly more 
refinery processing is required. 

Whether a refiner can be profitable or not processing tar sand-
derived crude oil can be measured quantitatively using an indus-
try standard called refinery crack spread. Although different 
organizations define the crack spread in similar ways, we present 
here refinery crack spread as defined by the New York Mercantile 
Exchange (NYMEX) and calculates the refinery crack spread as the 
difference between the sales price of a unit of refined fuels com-
pared to the purchase price of the amount of light and sweet crude 
oil (benchmark crude oil) required to produce the refined fuels. 
The NYMEX assumes in its calculation that one barrel of crude 
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oil produces one barrel of refined fuel. Although this is not pre-
cisely true, it serves as an easy means for calculating refinery crack 
spread. 

Furthermore, approximately 10% of the petroleum produced 
worldwide is converted to petrochemicals, with most of the bal-
ance used for transportation fuels. The fundamental feedstocks 
used to produce petrochemicals from crude oil are refinery byprod-
ucts LPG and naphtha, and a smaller quantity of natural gas pro-
duction byproduct natural gas liquids (NGLs). NGLs are primarily 
composed of ethane, propane, butane, pentane and some hexane. 
These fundamental petrochemical feedstocks are converted pri-
marily to olefins, including ethylene, propylene, butadiene and 
butylène, and aromatics, including benzene, toluene and xylenes, 
through the processes of steam cracking and catalytic naphtha 
reforming to produce petrochemical derivatives (monomers and 
polymers). 

The bitumen and synthetic crude oil form the Canadian tar 
sands also provide the potential for contributing some byproducts 
that could be used as petrochemical feedstocks. Bitumen upgrad-
ing processes, or delayed coking, gasification, hydrocracking, and 
hydroprocessing, produce the same starting materials for produc-
ing petrochemicals. Syngas produced from gasification could also 
produce hydrogen, ammonia, methanol, oxo-alcohols, Fischer-
Tropsch liquids, and their derivatives. 

In terms of pricing, tar sand bitumen is priced at a slight discount 
to Canadian heavy crude oil (less than $1 per barrel discount), while 
Canadian heavy crude oil is priced on average at a $10 per barrel 
discount to a mixture of conventional Canadian light and medium 
crude oils. However, the fragile nature of tar sands profitability was 
obvious during a period of rapidly falling crude oil price declines 
(Pavone, 2009). Total's oil sands project, named Joslyn, requires 
an oil price of just below $90 a barrel to achieve a 12.5% internal 
rate of return, while Total's developments in the deep waters off 
Angola need about $70 a barrel. Similarly, production of tar sand 
bitumen by in situ methods (mostly steam-assisted gravity drain-
age — SAGD — and cyclic steam stimulation - CSS) may meet eco-
nomic restraints. It is, nevertheless, dependent upon the price the 
consumer is willing to pay for stability of supply to offset the frag-
ile supply infrastructure that is often subject to political constraints 
and manipulation. 
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9 
The Future 

Conventional crude oil resources comprise all crude oil that is 
technically producible from reservoirs through a well bore using any 
primary, secondary, and enhanced recovery method (Chapter 1). 
This definition excludes liquids produced from mined deposits or 
created liquids such as liquids from natural gas. Furthermore, con-
ventional crude oil is a large but finite volume insofar as all or very 
nearly all of major oil-bearing basins are identified, and produc-
tion is clearly past its peak in some of the basins (Campbell and 
Laherrère, 1998). 

Crude oil had influenced major changes in the trading and 
economic status of the United States over the past six decades 
(Table 9.1), and whether the status that existed in the 1950s can ever 
be rejuvenated is unlikely. The United States has come not only to 
rely on crude oil but the nation is also addicted to crude oil. Cures 
for this addition are possible, such as a reduction in the amount 
of oil required for daily life, but will take time and are unlikely to 
succeed in the near term. The misfortunes of the United States are 
rooted in the depletion of the domestic oil reserves — the resource 
that made the United States the most powerful nation in history. 
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Table 9.1 Change of economic status of the United States over the past 
six decades. 

The U.S. in 1950 

Self sufficient in oil: 

World's foremost oil producer 
World's foremost oil exporter 

Self-sufficient in nearly all 
resources 

World's major exporter of manu-
factured goods 

Major producer of premium 
automobiles 

World's foremost creditor nation 

The U.S. in 2008 

Lacks self sufficiency in oil 
World's foremost oil importer 

World's foremost importer of 
non-petroleum resources 

World's largest importer of 
manufactured goods and 
manufacturing jobs outsourced 
to other countries 

Auto-industry in financial trouble 

World's foremost debtor nation 

Bad management by the government and by the private sector of 
the resources over the past six decades also adds to the equation 
and has contributed to the current situation. 

As a result, oil depletion is real not only in the United States but 
also on a worldwide scale and most studies estimate that oil pro-
duction will peak sometime between now and 2040. This range of 
estimates is wide because the timing of the peak depends on mul-
tiple, uncertain factors that will help determine how quickly the oil 
remaining in the ground is used, including the amount of oil still 
in the ground; how much of that oil can ultimately be produced 
given technological, cost, and environmental challenges as well 
as potentially unfavorable political and investment conditions in 
some countries where oil is located; and future global demand for 
oil (Gordon, 2007). 

The world may never actually run out of crude oil only because 
oil will eventually become less expensive than lower cost alterna-
tive sources of fuels (Speight, 2008, 2009, 2011). The time frame of 
such development is dependent upon the realization that alter-
native fuels will become a way of life. However, alternative fuels 
and transportation technologies face challenges that could impede 
their ability to mitigate the consequences of a peak and decline 
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in oil production, unless sufficient time and effort are brought to 
bear. For example, although corn ethanol production is technically 
feasible, it is more expensive to produce than gasoline and will 
require costly investments in infrastructure, such as pipelines and 
storage tanks, before it can become widely available as a primary 
fuel. Key alternative technologies currently supply the equivalent 
of only about 1% of U.S. consumption of petroleum products, and 
the Department of Energy (DOE) projects that even by 2015, they 
could displace only the equivalent of 4% of projected U.S. annual 
consumption. In such circumstances, an imminent peak and sharp 
decline in oil production could cause a worldwide recession. 

However, if the peak is delayed, these technologies have a 
greater potential to mitigate the consequences. DOE predicts that 
these technologies could displace up to 34% of U.S. consumption 
in the 2025 through 2030 time frame, if the challenges are met. The 
level of effort dedicated to overcoming challenges will depend in 
part on sustained high oil prices to encourage sufficient investment 
in and demand for alternatives. 

Depending on price assumptions, world unconventional pro-
duction is projected to be 5.4 to 18.9 million barrels per day higher 
in 2030 than it was in 2006, accounting for between 6 and 22% of the 
world's total production of liquids (Annual Energy Outlook, 2008) 
and may even play a key pivotal supply role (Steinhubl et al, 2009). 
Production of unconventional liquids depends heavily on prices, 
being more competitive with conventional sources when market 
prices are high. However, not all unconventional liquids respond to 
price changes in the same manner because the sources of unconven-
tional liquids (Table 9.2) differ with regard to resource constraints, 
political backing, available technologies, and other characteristics. 

Without ample low priced crude oil supplies, there is little real-
istic hope of restoring the world economy to the growth model that 
was desired prior to the run up in energy prices. In the United States, 
a world leading powerful economy was built on the back of cheap 
energy supplies, especially crude oil. Crude oil is the raw material 
input for so many products, such as gasoline, jet fuel, and plastics, 
that scarcity and high prices will lead to a complete transformation 
of our consumer driven business model. The United States is not 
nearly prepared for the transformation of the economy that will 
soon come. The age of cheap easily accessed crude oil supplies is 
nearly at an end. Even the current low price due to the worldwide 
deleveraging of debt is bad news for the long-term health of the 
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Table 9.2 Future sources of fuels. 

Non-conventional oils: 
extra-heavy - Orinoco oil belt Venezuela 
tar sands - Athabasca Canada (in-situ, mining) 
synthetic crude (from tar, gas, coal) 

Non-conventional gas: 
coalbed methane (CBM) 
gas shale 
tight gas sands 
gas in geopressured aquifers 

• Conventional hydrocarbons in non-conventional locations: 
deepwater (>500 meters or <1000 meters) 
Arctic 
Antarctic 

Uneconomic conventional hydrocarbons: 
very small fields: 1-10 Mb - (government take > large fields!) 
special EOR (enhanced oil recovery) 
HPHT (high pressure = 700 bars, high temperature = 150°C) 

Surrogate non-conventional hydrocarbons: 
oil shales (immature source rock = not yet HC) 
gas hydrates (oceans, solid, untrapped, dispersed = myth) 
gas from the mantle = speculation 

economy The model of driving great distances from houses in the 
suburbs to businesses in the cities, with huge shopping malls in 
between, will soon be viewed as one of history's great mistakes of 
economic development. 

Nevertheless, the demand for crude oil is largely influenced by 
global economic growth and will also be affected by government 
policies on the environment and climate change and consumer 
choices about conservation. Indeed, the precise status of crude oil 
as a continuing fuel source is unknown, speculative, and often sub-
ject to inspired guesswork. 

In this supply constrained environment, other sources of liq-
uid fuels need to be examined as it is certain that the demand 
for liquid fuels will increase into the foreseeable future and the 



THE FUTURE 249 

potential for the use of sources energy as sources of fuel is worth 
comment at this time. More specifically, comments on the poten-
tial for undiscovered oil, coal, oil shale, and biomass, as well as the 
challenges for industry are warranted here. 

9.1 Undiscovered Oil 

Undiscovered oil resources are resources that are estimated to exist 
on the basis of broad geologic knowledge and theory, in undiscov-
ered accumulations outside of known fields (Attanasi, 1999). To 
some, undiscovered oil is real while to others undiscovered oil is 
a myth. 

Petroleum exploration is an efficient technical procedure. 
Investigating a geologic formation or a sedimentary basin using 
modern seismic techniques will reveal virtually all significant pros-
pects, thus showing oil companies where to lease for further test 
drilling. Currently, there are virtually no areas where petroleum 
exploration cannot be successfully carried out if regional geological 
studies indicate a good chance of finding major petroleum fields 
(i.e. those with an ultimate recovery of more than 100 million bar-
rels of oil). 

Unfortunately, despite intense efforts by all of the world's oil 
companies, only a few of the new major fields promised by their 
geologists were actually found. The world's accessible oil provinces 
had all been previously recognized and most of their major fields 
found earlier. Numerous major finds had been made in the late 
1960s, which brought on production offshore by new marine tech-
nologies during the mid-1970s in time to bring the OPEC produc-
ers to heel. No new major oil provinces that produce 7 to 25 billion 
barrels) have been found since 1980. The world is finite. The peak 
global oil finding year was 1962. Since then, the global discovery 
rate has dropped sharply in all regions and the 1,311 known major 
and giant oil fields contain 94% of the world's known oil and are 
accordingly the most critical for future global oil supplies. 

Modern three-dimensional seismic and horizontal-drilling tech-
niques improved current oil recovery in known fields, but made no 
substantial change in global reserves or discoveries of major fields. 
When the world oil price collapsed in 1986, exploration funds 
and efforts were cut back drastically everywhere; and by 1989, all 
major companies were downsizing and eliminating most of their 
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geological and geophysical staffs. The minimum six-year period 
needed to discover the five largest fields in any basin had passed 
without making enough discoveries to whet top management's 
enthusiasm, so the money dried up for all but prime prospects. This 
is unfortunate because the huge remaining postulated resources 
will never be converted to actual reserves unless discoveries are 
made. 

In addition, there is a great deal of disagreement on the issue of 
future oil supply; one reason is that there is confusion among the 
terms used, such as active and inactive reserves as well as known 
and unknown resources. In addition, there is no means by which 
foreign reserves can be accurately checked, leaving the numbers 
open to serious doubt (Campbell and Laherrère, J.H. 1998). Some of 
the reserve numbers may only be gross approximations. 

Thus, it is essential to recognize that estimates of undiscovered 
oil and gas resources are just that — estimates and the reality of 
such estimates will, or should, always, be questioned. They are an 
attempt to quantify something that cannot be accurately known 
until the resource has been essentially depleted. For that reason, 
resource estimates should be viewed as assessed at a point in 
time based on whatever data, information and methodology were 
available at that time. Resource estimates therefore are subject to 
continuing revision as undiscovered resources are converted to 
reserves and as improvements in data and assessment methods 
occur (Attanasi, 1999). 

Historically, estimates of the quantities of undiscovered oil and 
gas resources expected to exist within a region or the nation have 
been prepared for a variety of purposes using several different 
methods. To make effective use of such estimates, or to compare 
them with others, one must develop an understanding of how and 
why they were prepared; the extent and reliability of the data upon 
which they are based; the expertise of the assessors; the implica-
tions and limitations of the methodology used; and the nature of 
any geographic, economic, technologic, or time limitations and 
assumptions that may apply. It is equally important that those who 
prepare estimates provide documentation adequate to allow the 
users to evaluate the issues just described. 

The purpose of this chapter is to examine, in general terms, some 
of these issues and how they may impact on the credibility and use-
fulness of resource estimates. In general, uncertainties in estimates 
of undiscovered oil and natural gas are greatest for areas that have 
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had little or no past exploratory effort. For areas that have been 
extensively explored and are in a mature development stage, many 
of the unknowns have been eliminated and future resources can be 
evaluated with much more confidence. Even in some mature pro-
ducing areas, however, uncertainty remains about the potential oil 
and gas supply at greater drilling depths. Uncertainty also pervades 
projections of whether potential reservoirs have been unrecognized 
or bypassed in past drilling. Similarly, where resource estimates are 
based on analogue comparisons between maturely explored areas 
and unexplored areas, uncertainty is introduced because each area 
or basin has unique characteristics. 

Although our fundamental knowledge of the origin, migration, 
and entrapment of oil and gas has advanced markedly during the past 
30 years, the fact that incremental scientific advances are still being 
made leads to additional uncertainty in resource estimation, espe-
cially in frontier areas or at great drilling depths. In other words, new 
knowledge may lead to increases or decreases in estimates of undis-
covered resources, but generally leads to a reduction of uncertainty. 

Discovery is only the first step in crude oil and natural gas resource 
development. The present state of technical knowledge in reservoir 
geology and petroleum engineering, as well as existing regulations, 
determine the spacing, completion, and production methods of 
development wells (i.e. petroleum producing wells drilled after the 
discovery well). As engineering and geologic knowledge increase, 
our ability to withdraw larger increments of oil and gas from exist-
ing fields is enhanced. Thus, the sizes of fields in terms of ultimately 
producible barrels of oil or cubic feet of gas increase with time. 
Uncertainty as to ultimate sizes of discovered fields leads to uncer-
tainty in estimates of size distributions of undiscovered fields in 
areas with analogous reservoir characteristics and geologic histories. 

Scientists can estimate the quantity of technically recoverable 
undiscovered oil and gas based on the present state of geological 
and engineering knowledge, modified by a consideration of future 
technological advancement. However, the percentage of that quan-
tity that may actually be discovered and produced is an economic 
question. Uncertainties about future well-head crude oil and natu-
ral gas prices and costs of exploration and development adversely 
affect all resource estimates. In short, uncertainties embodied in 
economic assumptions lead to significant uncertainties in estimates 
of economically recoverable resources and account for some of the 
large differences among estimators. 
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9.2 Coal 

Coal is a fossil fuel formed in swamp ecosystems where plant 
remains were saved by water and mud from oxidation and biodég-
radation. Coal is also a combustible organic sedimentary rock, com-
posed primarily of carbon, hydrogen, and oxygen, formed from 
ancient vegetation and consolidated between other rock strata to 
form coal seams. The harder forms, such as anthracite coal, can be 
regarded as organic metamorphic rocks because of a higher degree 
of maturation. 

Coal is composed primarily of carbon, along with assorted other 
elements, including sulfur. It is the largest single source of fuel for 
the generation of electricity worldwide, as well as the largest source 
of carbon dioxide emissions, which have been implicated as the pri-
mary cause of global warming. Coal is extracted from the ground 
by coal mining, either underground mining or open-pit mining 
(surface mining). 

A fossil energy source, coal can play a substantial role as a transi-
tional energy source as one moves from the petroleum and natural 
gas based economic system to the future economic system, based 
on non-depletable or renewable energy systems (BP, 2008; Speight, 
2008). It has been used as an energy source for thousands of years 
and has many important uses, but most significantly in electricity 
generation, steel and cement manufacture, and industrial process 
heating. 

Coal accounts for about 28% (hard coal 25%; soft brown coal 3%) 
of global primary energy consumption, surpassed only by crude 
oil (BGR, 2007). Developing countries use about 55% of the world's 
coal today; this share is expected to grow to 65% over the next 
15 years (Balat and Ayar, 2004). In year 2050, coal will account for 
more than 34% of the world's primary energy demand. 

In the developing world, the use of coal in the household for 
heating and cooking, is important (Balat, 2007). For coal to remain 
competitive with other sources of energy in the industrialized 
countries of the world, continuing technological improvements in 
all aspects of coal extraction have been necessary. Coal is often the 
only alternative when low-cost, cleaner energy sources are inad-
equate to meet growing energy demand (Balat and Ayar, 2004). 

Coal occurs in different forms or types due to variations in the 
nature of the source material and local or regional the variations in the 
coalification processes cause the vegetal matter to evolve differently. 



THE FUTURE 253 

Thus, as geological processes increase their effect over time, the coal 
precursors are transformed over time into the following: 

1. Lignite, also referred to as brown coal, is the lowest 
rank of coal and used almost exclusively as fuel for 
steam-electric power generation. 

2. Sub-bituminous coal: the properties range from those 
of lignite to those of bituminous coal and are used pri-
marily as fuel for steam-electric power generation. 

3. Bituminous coal: a dense coal, usually black, some-
times dark brown, often with well-defined bands of 
bright and dull material, used primarily as fuel in 
steam-electric power generation, with substantial 
quantities also used for heat and power applications 
in manufacturing and to make coke. 

4. Anthracite: the highest rank; a harder, glossy, black 
coal used primarily for residential and commercial 
space heating. 

The rank of a coal indicates the progressive changes in carbon, 
volatile matter, and probably ash and sulfur that take place as coal-
ification progresses from the lower-rank lignite through the higher 
ranks of sub-bituminous, high-volatile bituminous, low-volatile 
bituminous, and anthracite. The rank of a coal should not be con-
fused with its grade. A high rank (e.g., anthracite) represents coal 
from a deposit that has undergone the greatest degree of metamor-
phosis and contains very little mineral matter, ash, and moisture. 
On the other hand, any rank of coal, when cleaned of impurities 
through coal preparation will be of a higher grade. 

The production of liquid fuels from coal is not new and has 
received considerable attention because the concept does represent 
alternate pathways to liquid fuels (Berthelot, 1869; Batchelder, 1962; 
Anderson and Tillman, 1979; Whitehurst et al, 1980; Gorin, 1981; 
Stranges, 1983; Stranges, 1987; Argonne, 1990; Speight, 2008). The 
first major use of Fischer Tropsch technology was during the Second 
World War, when Germany produced about 90% of the diesel and 
aviation fuel. South Africa began liquefying coal in response to 
apartheid-era sanctions, and in part as a result of its investment back 
then, continues to derive about 30% of its fuel from liquefied coal. 
In fact, the concept is often cited as a viable option for alleviating 
projected shortages of liquid fuels as well as offering some measure 
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of energy independence or energy security for those countries with 
vast resources of coal who are also net importers of crude oil. 

One of the early processes for the production of liquid fuels from 
coal involved the Bergius process. In the process, lignite or sub-
bituminous coal is finely ground and mixed with heavy oil recycled 
from the process. Catalyst is typically added to the mixture and the 
mixture is pumped into a reactor. The reaction occurs at between 
400 to 500°C and 20 to 70 MPa hydrogen pressure. The reaction 
produces heavy oil, middle oil, gasoline, and gas: 

nC , + ( n + l E - > C H , , 
coal 2 n 2n+2 

For the conversion of coal to liquids, referred to as direct coal 
liquefaction, the product of synthetic fuel depends on the coal type, 
the reactor configuration, the process parameters, and the catalysts. 
In addition, the different product fractions need further processing 
to yield synthetic fuel or a fuel blending stock of the desired quality. 

More recently, other processes have been developed for the con-
version of coal to liquid fuels. The Fischer-Tropsch process of indi-
rect synthesis of liquid hydrocarbons and is currently today used 
by Sasol in South Africa. In the process, referred to as indirect coal 
liquefaction, because the coal is first converted to gas, coal is gas-
ified to make syngas — a balanced purified mixture of CO and H2 

gas — and the syngas condensed using Fischer-Tropsch catalysts to 
make light hydrocarbons which are further processed into gasoline 
and diesel. Syngas can also be converted to methanol. 

In spite of the interest in coal liquefaction processes that emerged 
during the 1970s and the 1980s, petroleum prices always remained 
sufficiently low to ensure that the initiation of a synthetic fuels 
industry based on non-petroleum sources would not become a 
commercial reality. 

With the continuing uncertainty among the oil-producing coun-
tries and the violence in the Middle East, the issue of energy secu-
rity is again of prime importance. Part of this energy security can 
come by the production of liquid fuels from coal. As always, the 
real question relates to economics, tied to the price of oil. 

The Sasol technology, a third-generation Fischer-Tropsch process, 
was developed in Germany and used in World War II, and later in 
South Africa. In the process, steam and oxygen are passed over coke 
at high temperatures and pressures. Synthesis gas (a mixture of car-
bon monoxide and hydrogen) is produced and then reassembled 
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into liquid fuels through the agency of the Fischer Tropsch reaction 
(Speight, 2008). 

Although considered too expensive to compete with the produc-
tion of liquid fuels from petroleum, the liquid fuels produced from 
coal by gasification and the conversion of the synthesis gas have 
environmentally friendly insofar as they have no sulfur and, there-
fore, are more in keeping with the recent laws regarding ultra-low 
sulfur fuels. 

In fact, the technologies required to produce large-scale supplies 
of clean liquid fuels from coal are not on the drawing boards or in 
laboratories. They are in use around the world today, from coun-
tries including South Africa, which has long relied on coal liquefac-
tion to provide a substantial percentage of its transportation fuels, 
to China, India, Indonesia and the Philippines. 

The obvious drawback to direct and indirect processes that pro-
duce liquids from coal relates to environmental issues. The process 
of converting coal into liquid and using it for transportation releases 
nearly twice as much carbon dioxide as burning diesel made from 
crude oil does. In a world conscious of climate change, that excess 
carbon is a major issue. One way around this problem might be to 
take the carbon dioxide and bury it underground. Another would 
be to replace fossil-fuel feedstock with biomass (Speight, 2008). 

Economics is another issue since the processes (especially the 
Fischer-Tropsch technology) has always been relatively expen-
sive. However, the need may have to justify the expense insofar as 
energy independence is the matter at hand. 

9.3 Oil Shale 

Oil shale is a complex mixture of organic and inorganic materials 
that vary widely in composition and properties. In general terms, 
oil shale is a fine-grained sedimentary rock that is rich inorganic 
matter and yields oil when heated. Some oil shale is genuine shale 
but others have been incorrectly classified and are actually silt-
stones, impure limestone, or even impure coal. 

The oil shale deposits in the western United States contain approx-
imately 15 percent organic material, by weight. In the United States, 
the deposits are concentrated in the Green River Formation in the 
states of Colorado, Wyoming and Utah, account for nearly three-
quarters of this potential. The amount of kerogen in the shale varies 
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with depth, with the richer portions appearing much darker. For 
example, in Colorado, the richest layers are termed the Mahogany 
Zone after the rich brown color. 

Oil shale does not contain oil and only produces oil when it is 
heated to about 500°C (about 932°F), when some of the organic 
material is transformed into a distillate. The potential for liquids 
production potential from oil shale is measured by a laboratory 
pyrolysis method called Fischer Assay (Scouten, 1990; Speight, 
1994) and is reported in barrels (42 gal) per ton. Rich zones can yield 
more than 40 gallons per ton, while most shale falls in the range of 
10 to 25 gallons per ton. Oil shale yields more than 25 United States 
gal/ton are generally viewed as the most economically attractive, 
and hence, the most favorable for initial development. Shale oil can 
be refined into synthetic crude oil and the known resources of the 
United States could translate into as much as 2.2 trillion (2.2 x 1012) 
barrels of synthetic crude oil. 

Surface processes for the production of liquids involve mining 
the shale followed by heating at the surface in a reactor, referred to 
as retorting, produces shale oil, which is often referred to referred to 
as synthetic crude oil both before and after hydrotreating. However, 
with the exception of in situ processes, oil shale must be mined 
before it can be converted to shale oil. Depending on the depth and 
other characteristics of the target oil shale deposits, either surface 
mining or underground mining methods may be used. 

In-situ processes avoid the need to mine the shale but introduce 
heat to the kerogen while it is still embedded in its natural geologi-
cal formation and the product is recovered as distillate through a 
well. There are two general in-situ approaches; true in-situ in which 
there is minimal or no disturbance of the ore bed, and modified in-
situ, in which the bed is given a rubble-like texture, either through 
direct blasting with surface up-lift or after partial mining to cre-
ate void space. In situ processes tend to operate slowly and may 
require one or more years to produce shale oil. 

Modified in-situ processes involve mining beneath the target oil 
shale deposit prior to heating. Such processes attempt to improve 
performance by exposing more of the deposit to the heat source and 
by improving the flow of gases and liquids through the rock forma-
tion, and increasing the volumes and quality of the oil produced. 

Shale retorting processes produce oil with almost no high-
boiling residuum. With upgrading, shale oil is a light boiling pre-
mium product more valuable than most crude oils. However, the 
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properties of shale oil vary as a function of the production (retort-
ing) process. Fine mineral matter carried over from the retorting 
process and the high viscosity and instability of shale oil produced 
by present retorting processes have necessitated upgrading of the 
shale oil before transport to a refinery. 

Upgrading, or partial refining, to improve the properties of a crude 
shale oil may be carried out using different options. Hydrotreating 
is the option of choice to produce a stable product that is compa-
rable to benchmark crude oils (Chapter 4). In terms of refining and 
catalyst activity, the nitrogen content of shale oil is a disadvantage. 
If not removed, the arsenic and iron in shale oil would poison and 
foul the supported catalysts used in hydrotreating. 

Blending shale oil products with corresponding crude oil products, 
using shale oil fractions obtained from a very mildly hydrogen 
treated shale oil, yields kerosene and diesel fuel of satisfactory prop-
erties. Hydroprocessing shale oil products, either alone or in a blend 
with the corresponding crude oil fractions, is therefore necessary. 
The severity of the hydroprocessing has to be adjusted according to 
the particular properties of the feed and the required level of the sta-
bility of the product. 

The fundamental problem with all oil shale technologies is the 
need to provide large amounts of heat energy to decompose the 
kerogen to liquid and gas products. More than one ton of shale 
must be heated to temperatures in the range 850° and 1000°F (425 
to 525°C) for each barrel of oil generated, and the heat supplied 
must be of relatively high quality to reach retorting temperature. 
Once the reaction is complete, recovering sensible heat from the hot 
rock is very desirable for optimum process economics. This leads to 
three areas where new technology could improve the economics of 
oil recovery: 

1. Recovering heat from the spent shale. 
2. Disposal of spent shale, especially if the shale is dis-

charged at temperatures where the char can catch fire 
in the air. 

3. Concurrent generation of large volumes of carbon 
dioxide. 

The heat recovery from hot solids is generally not efficient, unless 
it is in the area of fluidized bed technology. However, to apply flu-
idized bed technology to oil shale would require grinding the shale 
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to sizes less than about one millimeter, an energy intensive task that 
would result in an expensive disposal problem. Such fine particles 
might be used in a lower temperature process for sequestering 
carbon dioxide (Fenton, 1977). 

Disposal of spent shale is also a problem that must be solved 
in economic fashion for the large-scale development of oil shale to 
proceed. 

Retorted shale contains carbon as char, representing more than 
half of the original carbon values in the shale. The char is poten-
tially pyrophoric and can burn if dumped into the open air while 
hot. The heating process results in a solid that occupies more vol-
ume than the fresh shale because of the problems of packing ran-
dom particles. A shale oil industry producing 100,000 barrels per 
day — about the minimum for a world-scale operation — would 
process more than 100,000 tons of shale and result in an amount 
of spent shale that is equivalent to a block more than 100 feet on a 
side, assuming some effort at packing to conserve volume. Part of 
the spent shale could be returned to the mined-out areas for reme-
diation, and some can potentially be used as feed for cement kilns. 

In situ processes avoid the spent shale disposal problems because 
the spent shale remains where it is created but, on the other hand, 
the spent shale will contain uncollected liquids that can leach into 
ground water, and vapors produced during retorting can poten-
tially escape to the aquifer (Karanikas et al., 2005). 

As the demand for light hydrocarbon fractions constantly 
increases, there is much interest in developing economical methods 
for recovering liquid hydrocarbons from oil shale on a commer-
cial scale. However, the recovered hydrocarbons from oil shale are 
not yet economically competitive against the petroleum crude pro-
duced. Furthermore, the value of hydrocarbons recovered from oil 
shale is diminished because of the presence of undesirable contami-
nants. The major contaminants are sulfurous, nitrogenous, metallic, 
and organometallic compounds, which cause detrimental effects 
to various catalysts used in the subsequent refining processes. 
These contaminants are also undesirable because of their disagree-
able odor, corrosive characteristics, and combustion products that 
further cause environmental problems. 

Oil shale still has a future and remains a viable option for the pro-
duction of liquid fuels. Many of the companies involved in earlier 
oil shale projects still hold their oil shale technology and resource 
assets. The body of knowledge and understanding established by 
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these past efforts provides the foundation for ongoing advances in 
shale oil production, mining, retorting, and processing technology 
and supports the growing worldwide interest and activity in oil 
shale development. In fact, in many cases, the technologies devel-
oped to produce and process kerogen oil from shale have not been 
abandoned, but rather mothballed for adaptation and application 
at a future date when market demand would increase and major 
capital investments for oil shale projects could be justified. 

In terms of innovative technologies, both conventional and in-situ 
retorting processes result in inefficiencies that reduce the volume 
and quality of the produced shale oil. Depending on the efficiency 
of the process, a portion of the kerogen that does not yield liquid 
is either deposited as coke on the host mineral matter, or is con-
verted to hydrocarbon gases. For the purpose of producing shale 
oil, the optimal process is one that minimizes the regressive ther-
mal and chemical reactions that form coke and hydrocarbon gases 
and maximizes the production of shale oil. Novel and advanced 
retorting and upgrading processes seek to modify the processing 
chemistry to improve recovery and/or create high value byprod-
ucts. Novel processes are being researched and tested in lab-scale 
environments. Some of these approaches include lower heating 
temperatures, higher heating rates, shorter residence time dura-
tions, introducing scavengers, such as hydrogen or hydrogen trans-
fer/donor agents, as well as introducing solvents (Baldwin, 2002). 

Finally, the development of western oil shale resources will 
require water for plant operations, supporting infrastructure, and 
the associated economic growth in the region. While some oil shale 
technologies may require reduced process water requirements, sta-
ble and secure sources of significant volumes of water may still be 
required for large-scale oil shale development. The largest demands 
for water are expected to be for land reclamation and to support the 
population and economic growth associated with oil shale activity. 

Nevertheless, if a technology can be developed to economically 
recover oil from oil shale and for meeting energy demand in an 
environmentally acceptable manner, the potential for oil shale is 
enormous (Bartis et al., 2005; Andrews, 2006). If the kerogen could 
be converted to oil, the quantities would be far beyond all known 
conventional oil reserves. Unfortunately, the prospects for oil shale 
development are uncertain. The estimated cost of surface retort-
ing remains high and many consider it unwise to move towards 
near-term commercial efforts. 
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9.4 Liquids from Biomass 

Fossil fuels are finite energy resources (Salameh, 2005; Pimentel 
and Pimentel, 2006). Therefore, reducing national dependence of 
any country on imported crude oil is of critical importance for long-
term security and continued economic growth. Supplementing 
petroleum consumption with renewable biomass resources is a 
first step towards this goal. The realignment of the chemical indus-
try from one of petrochemical refining to a bio-refinery concept is, 
given time, feasible and has become a national goal of many oil-
importing countries. However, clearly defined goals are necessary 
for increasing the use of biomass-derived feedstocks in indus-
trial chemical production and it is important to keep the goal in 
perspective. 

Biomass currently supplies 14% of the world's energy needs, 
but has the theoretical potential to supply 100%. Most present day 
production and use of biomass for energy is carried out in a very 
unsustainable manner with a great many negative environmental 
consequences. If biomass is to supply a greater proportion of the 
world's energy needs in the future, the challenge will be to produce 
biomass and to convert and use it without harming the natural 
environment. Technologies and processes exist today which, if used 
properly, make biomass based fuels less harmful to the environ-
ment than fossil fuels. Applying these technologies and processes 
on a site specific basis in order to minimize negative environmental 
impacts is a prerequisite for sustainable use of biomass energy in 
the future. 

In this context, the increased use of biofuels should be viewed as 
one of a range of possible measures for achieving self-sufficiency 
in energy, rather than a panacea (Crocker and Crofcheck, 2006; 
Worldwatch Institute, 2006; Freeman, 2007; Nersesian, 2007). 

Biomass is a renewable resource, whose utilization has received 
great attention due to environmental considerations and the 
increasing demands of energy worldwide (Tsai et al., 2007; Speight, 
2008). Biomass is clean for it has negligible content of sulfur, nitro-
gen and ash-forming constituents, which give lower emissions of 
sulfur dioxide, nitrogen oxides, and soot than conventional fossil 
fuels. The main biomass resources include the following: forest 
and mill residues, agricultural crops and wastes, wood and wood 
wastes, animal wastes, livestock operation residues, aquatic plants, 
fast-growing trees and plants, and municipal and industrial wastes. 
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The role of wood and forestry residues in terms of energy produc-
tion is as old as fire itself and in many societies wood is still the 
major source of energy. In general, biomass can include anything 
that is not a fossil fuel that is bioorganic-based (Lucia et al, 2006). 

There are many types of biomass resources that can be used 
and replaced without irreversibly depleting reserves and the use 
of biomass will continue to grow in importance as replacements 
for fossil materials used as fuels and as feedstocks for a range of 
products (Narayan, 2007; Speight, 2008). Some biomass materials 
also have particular unique and beneficial properties that can be 
exploited in a range of products including pharmaceuticals and 
certain lubricants. 

Biomass represents a potentially large economic resource is effec-
tively being thrown away. For example, the straw associated with 
the wheat crop in often ploughed back into the soil, even though 
only a small proportion is needed to maintain the level of organic 
matter. Thus, a huge renewable resource is not being usefully 
exploited since wheat straw contains a range of potentially useful 
chemicals. These include the following: 

1. Cellulose and related compounds that can be used for 
the production of paper and/or bioethanol 

2. Silica compounds which can be used as filter materi-
als, such as those necessary for water purification 

3. Long-chain lipids that can be used in cosmetics or for 
other specialty chemicals. 

For example, primary biomass feedstocks are thus primary bio-
mass that is harvested or collected from the field or forest where it 
is grown. Examples of primary biomass feedstocks currently being 
used for bioenergy include grains and oilseed crops used for trans-
portation fuel production, plus some crop residues, such as orchard 
trimmings and nut hulls, and some residues from logging and for-
est operations that are currently used for heat and power produc-
tion. In the future, it is anticipated that a larger proportion of the 
residues inherently generated from food crop harvesting, as well 
as a larger proportion of the residues generated from ongoing log-
ging and forest operations, will be used for bioenergy (Smith, 2006). 
Additionally, as the bioenergy industry develops, both woody and 
herbaceous perennial crops will be planted and harvested specifi-
cally for bioenergy and product end uses. 
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Secondary biomass feedstocks differ from primary biomass feed-
stocks in that the secondary feedstocks are a byproduct of process-
ing of the primary feedstocks. By processing it is meant that there 
is substantial physical or chemical breakdown of the primary bio-
mass and production of byproducts; processors may be factories 
or animals. Field processes such as harvesting, bundling, chipping 
or pressing do not cause a biomass resource that was produced by 
photosynthesis (e.g., tree tops and limbs) to be classified as second-
ary biomass. 

Specific examples of secondary biomass include sawdust from 
sawmills, black liquor (which is a byproduct of paper making), and 
cheese whey (which is a byproduct of cheese making processes). 
Manures from concentrated animal feeding operations are collect-
able secondary biomass resources. Vegetable oils used for biodiesel 
that are derived directly from the processing of oilseeds for vari-
ous uses are also a secondary biomass resource (Wright et al., 2006; 
Bourne, 2007). 

Tertiary biomass feedstock includes post consumer residues and 
wastes, such as fats, greases, oils, construction and demolition 
wood debris, other waste wood from the urban environments, 
as well as packaging wastes, municipal solid wastes, and landfill 
gases. Other wood waste from the urban environment includes trim-
mings from urban trees, which technically fit the definition of pri-
mary biomass. However, because this material is normally handled 
as a waste stream along with other post-consumer wastes from 
urban environments, it makes the most sense to consider it to be 
part of the tertiary biomass stream. 

Biomass can produce a range of liquid fuels that exhibit a wide 
range of physical and chemical properties. 

Alcohols are oxygenate fuels produced from biomass and prac-
tically any of the organic molecules of the alcohol family can be 
used as a fuel (Speight, 2008). The alcohols that can be used for 
motor fuels are methanol (CH3OH), ethanol (C2H,OH), propanol 
(C3H7OH), butanol (C4H9OH). However, only methanol and etha-
nol fuels are technically and economically suitable for internal com-
bustion engines (Bala, 2005). 

Currently the production of ethanol (sometimes referred to as 
bio-ethanol) by fermentation of corn-derived carbohydrates is 
the main technology used to produce liquid fuels from biomass 
resources (McNeil Technologies Inc., 2005). Furthermore, amongst 
different biofuels, suitable for application in transport, bioethanol 
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and biodiesel seem to be the most feasible ones at present. The key 
advantage of bioethanol and biodiesel is that they can be mixed 
with conventional petrol and diesel respectively, which allows 
using the same handling and distribution infrastructure. Another 
important strong point of bioethanol and biodiesel is that when 
they are mixed at low concentrations (<10% bioethanol in petrol 
and <20% biodiesel in diesel, no engine modifications are necessary. 

Ethanol can be blended with gasoline to create E85, a blend of 85% 
ethanol and 15% gasoline. E85 and blends with even higher concen-
trations of ethanol, E95, include pure bioethanol (ElOO-fuel), which 
has been used mainly in Brazil (Davis, 2006; Minteer, 2006; Speight, 
2008). More widespread practice has been to add up to 20% to gaso-
line (E20-fuel or gasohol) to avoid engine changes. However, E100-
fueled vehicles have difficulty starting in cold weather, but this is 
not a problem for E85 vehicles because of the presence of gasoline. 

In comparison to gasoline, ethanol contains 35% oxygen by 
weight; gasoline contains none. The presence of the oxygen pro-
motes more complete combustion, which results in fewer tailpipe 
emissions. Compared to the combustion of gasoline, the combus-
tion of ethanol substantially reduces the emission of carbon mon-
oxide, volatile organic compounds, particulate matter and green 
house gases. However, a unit of ethanol contains about 32% less 
energy than a unit of gasoline. One of the best qualities of ethanol 
is its octane rating. 

Biodiesel is the generic name for fuels obtained by esterifica-
tion (by methanol or by ethanol) of vegetable oil (Knothe et al., 
2005; Bockey, 2006). Biodiesel can be used in a diesel engine 
without modification and is a clean burning alternative fuel pro-
duced from domestic, renewable resources. The fuel is a mixture 
of fatty acid alkyl esters made from vegetable oils, animal fats 
or recycled greases. Where available, biodiesel can be used in 
compression-ignition (diesel) engines in its pure form with little or 
no modifications. 

Biodiesel is biodegradable, nontoxic, and essentially free of sulfur 
and aromatics. It is usually used as a petroleum diesel additive to 
reduce levels of particulates, carbon monoxide, hydrocarbons, and 
air toxics from diesel-powered vehicles. When used as an additive, 
the resulting diesel fuel may be called B5, BIO or B20, representing 
the percentage of the biodiesel that is blended with petroleum diesel. 

Biodiesel is produced through a process in which organic 
oils, such as soybean oil or recycled cooking oil, are combined 
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with alcohol (ethanol or methanol) in the presence of a catalyst 
to form the ethyl or methyl ester. The biomass-derived ethyl or 
methyl esters can be blended with conventional diesel fuel or 
used as a neat fuel (100% biodiesel). Biodiesel can be made from 
any vegetable oil, animal fats, waste vegetable oils, or microalgae 
oils. Soybeans and Canola (rapeseed) oils are the most common 
vegetable oils used today. 

Fuel-grade biodiesel must be produced to strict industry speci-
fications (ASTM D6751) in order to insure proper performance. 
Biodiesel is the only alternative fuel to have fully completed 
the health effects testing requirements of the 1990 Clean Air Act 
Amendments and biodiesel that meets ASTM D6751 and is legally 
registered with the Environmental Protection Agency is a legal 
motor fuel for sale and distribution. Raw vegetable oil cannot meet 
biodiesel fuel specifications; therefore, it is not registered with the 
EPA and it is not a legal motor fuel. 

A totally different process than that used for biodiesel produc-
tion can be used to convert biomass into a type of fuel similar to 
diesel, which is known as bio-oil. The process of fast pyrolysis or 
flash pyrolysis occurs when solid fuels are heated at temperatures 
between 350 and 500°C for a very short period of time (<2 seconds. 
The bio-oils currently produced are suitable for use in boilers for 
electricity generation. 

In another process, the feedstock is fed into a fluidized bed at 
450 to 500°C and the feedstock flashes and vaporizes. The resulting 
vapors pass into a cyclone where solid particles, char, are extracted. 
The gas from the cyclone enters a quench tower where they are 
quickly cooled by heat transfer using bio-oil already made in the 
process. The bio-oil condenses into a product receiver and any non-
condensable gases are returned to the reactor to maintain process 
heating. The entire reaction from injection to quenching takes only 
two seconds. 

9.5 Energy Independence 

Energy independence has been a political non-issue in the United 
States since the first Arab oil embargo in 1973. Since that time, the 
speeches of various presidents and the Congress of the United States 
have continued to call for an end to the dependence on foreign oil by 
the United States. Nevertheless, the United States has grown more 
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dependent on foreign oil with no end in sight. For example, in 1970 
the United States imported approximately one third of the daily oil 
requirement. Currently, the amount of imported oil is two thirds of 
the daily requirement. The congressional rhetoric of energy inde-
pendence continues but meaningful suggestions of how to address 
this issue remain few and far between. The economy of the United 
States feeds on oil and the country consumes far more oil than it 
can produce. 

Generally, the concept of energy independence for the United 
States runs contrary to the trend of the internationalization of trade. 
The government of the United States continues to reduce trade 
barriers through policies such as the North American Free Trade 
Agreement (NAFTA), the elimination of tariffs, as well as other free 
trade agreements. As a result, the percentage of the U.S. economy 
that comes from international trade is steadily rising. 

Increased world trade is beneficial both economically and politi-
cally insofar as it is supposed to help establish amicable relations 
between countries. Through mutually beneficial exchange, a great 
deal of this increased interrelationship will, in theory, establish 
opportunities for personal ties that make military war or other 
forms of military action less likely. However, there are also contrary 
cases where countries acquire the means to be more destructive, 
if they so choose, through expanded economic opportunities. This 
type of argument has been used with regard to Iran. 

Economic interdependence also makes the domestic economy 
more susceptible to disruptions in distant and unstable regions 
of the globe, such as the Middle East, South America, and Africa. 
In fact, in many countries with proven reserves, oil production 
could be shut down by wars, strikes, and other political events, 
thus reducing the flow of oil to the world market. If these events 
occurred repeatedly, or in many different locations, they could con-
strain exploration and production, resulting in a peak despite the 
existence of proven oil reserves. Using a measure of political risk 
that assesses the likelihood that events such as civil wars, coups, 
and labor strikes will occur in a magnitude sufficient to reduce a 
country's gross domestic product (GDP) growth rate over the next 
5 years, four countries (Iran, Iraq, Nigeria, and Venezuela) possess 
proven oil reserves greater than 10 billion barrels and which coun-
tries contain almost one-third of worldwide oil reserves, face high 
levels of political risk. In fact, countries with medium or high levels 
of political risk contain 63% of proven worldwide oil reserves. 
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For example, in past years, disputes leading to withdrawal of 
labor by workers in Venezuela have caused reductions in the crude 
oil of approximately 1,500,000 barrels per day imported from that 
country. Similarly, conflicts in Nigeria between ethnic groups can 
disrupt the amount of crude oil of approximately 570,000 barrels 
per day imported from that country. Thus, in a short time and by 
events out of its control, the United States can suffer an oil shortage 
of imported oil to the tune of 2,000,000 barrels per day that leaves 
a large gap in the required 18,000,000 barrels per day currently 
refined in the United States. 

Furthermore, the oil industry itself has been a story of vast 
swings between periods of overproduction, when low prices and 
profits led oil producers to devise ways to restrict output and raise 
prices, and periods when oil supplies appeared to be on the brink 
of exhaustion, stimulating a global search for new supplies. This 
cycle may now be approaching an end. It appears that world oil 
supplies may truly be reaching their natural limits. With proven 
world oil reserves anticipated to last less than 40 years, the age of 
oil that began near Titusville may be coming to an end. In the years 
to come, the search for new sources of oil will be transformed into 
a quest for entirely new sources of energy. 

Political and investment risk factors continue to affect future oil 
exploration and production and, ultimately, the timing of peak oil 
production. These factors include changing political conditions and 
investment climates in many countries that have large proven oil 
reserves, which are important in affecting future oil exploration 
and production. 

Even in the United States, political considerations may affect 
the rate of exploration and production. For example, restrictions 
imposed to protect environmental assets mean that some oil may 
not be produced. The Minerals Management Service of the United 
States Department of the Interior estimates that approximately 
76 billion barrels of oil lie in undiscovered fields offshore in the 
outer continental shelf of the United States, which is necessary for a 
measure of energy security. Nevertheless, Congress enacted mora-
toriums on drilling and exploration in this area to protect coastlines 
from unintended oil spills. In addition, policies on federal land use 
need to take into account multiple uses of the land including envi-
ronmental protection. Environmental restrictions may affect a peak 
in oil production by barring oil exploration and production in envi-
ronmentally sensitive areas. The government must adopt policies 
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that ensure our energy independence. The United States Congress 
is no longer believable when the members of the Congress lay the 
blame on foreign governments or events for an impending crisis. 
The Congress needs to look north and the positive role played by 
the Government of Canada in the early 1960s when the decision 
was made to encourage development of the Alberta tar sands. 
Synthetic crude oil production in no in excess of 1,000,000 million 
barrels per day — less than 6% of the daily liquid fuels requirement 
in the United States but a much higher percentage of Canadian 
daily liquid fuels requirement. In the United States, the issue to be 
faced is not so much oil reserves but oil policies. 

The economics of crude oil inventories provides the key to 
unlocking this mystery. The net cost of carrying inventories is equal 
to the interest rate, plus the cost of physical storage, minus the con-
venience yield. The convenience yield is driven by the precaution-
ary demand for the storage. When the convenience yield is zero, a 
market is in full carry, future prices exceed spot prices and invento-
ries are abundant. Alternatively, when the precautionary demand 
for oil is high, spot prices are strong and exceed future prices, and 
inventories are unusually low. 

The strategic reserve should be used to give the country a mea-
sure of energy independence and to thwart the efforts of the cartel 
to control oil. 

Various importing countries are dependent on petroleum (Alhajji 
and Williams, 2003). In the United States, increasing petroleum 
imports is considered a threat to national security, but there is also the 
line of thinking that the level of imports has no significant impact on 
energy security, or even national security. However, the issue becomes 
a problem when import vulnerability increases as petroleum imports 
rise, which occurs when oil-consuming countries increase the share of 
petroleum imports from politically unstable areas of the world. 

More generally, there are four measures of petroleum depen-
dence (Alhajji and Williams, 2003): 

1. Petroleum imports as a percentage of total petroleum 
consumption 

2. The number of days total petroleum stocks cover 
petroleum imports 

3. The number of days total stocks cover consumption 
4. The percentage of petroleum in total energy 

consumption. 
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The dependency on foreign oil in the United States has increased 
steadily since 1986 and has reached record highs in the past decade 
two years — the degree of import dependence as percentage of 
consumption increased from about 50% in the early-to-mid 1980s 
to 60% in the early 1990s because of higher economic growth and 
lower oil prices on the demand side and declining US production 
on the supply side. Currently, 65-70% of the daily oil and oil prod-
ucts is now imported into the United States. There have been some 
minor fluctuations but the changes in the amount of oil imported 
into the United States are usually related to changes in the US econ-
omy and the US oil production. 

The United States is the only oil-importing country with sig-
nificant production, which is also a net importer. It is also unique 
in that among the net importers it has the lowest dependence in 
terms of net imports as a percent of consumption but it also has the 
highest absolute level of imports. The geo-political and economic 
interests and commitments raise the level of concern by US policy 
makers about dependence on imported oil. 

In addition, commercial oil stocks in the United States have 
been at their lowest level three decades. Total petroleum inven-
tories, which include commercial and stocks in the Strategic 
Petroleum Reserve are relatively low, in terms of daily coverage. 
Current commercial inventories are near the level at which spot 
shortages can occur. The past decade has seen scenarios in which 
the decline in commercial stocks is greater than the increase in 
the Strategic Petroleum Reserve and the capacity of the Strategic 
Petroleum Reserve and commercial stocks to deal with a crisis is 
less than before the refilling program began (Williams and Alhajji, 
2003). Moreover, the premature release of petroleum from the 
Strategic Petroleum Reserve can jeopardize national security in 
case of continued political problems in the oil producing coun-
tries and weakens the ability of the United States to respond to 
real shortages. 

Although some of the oil-importing countries have made prog-
ress in reducing their dependence on oil, the dependence of the 
United States on petroleum has increased in recent years from 38% 
of total energy consumption in 1995 to approximately 40% at the 
current time. This indicates two possible areas of concern regard-
ing the extent to which petroleum influences energy security: the 
increase in the petroleum share of energy use, and the inability or 
unwillingness of the United States to reduce dependence on oil. 
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It might be argued that the degree of dependence has no impact 
on energy security as long as foreign oil is imported form secure 
sources. However, if the degree of dependence on non-secure 
sources increases, energy security would be in jeopardy. In this 
case, vulnerability would increase and economic and national secu-
rity of individual oil-importing countries would be compromised. 

One or more key suppliers can use the percentage of imports 
from the top five suppliers as a measure of the supply vulnerabil-
ity to an interruption. This is an important measure of the vulner-
ability of the United States to supply disruption because it shows 
the high level of import concentration by importing from few sup-
pliers. The top five suppliers to oil-importing countries are Saudi 
Arabia, the former USSR, Norway, Venezuela, and Mexico. The 
United States has a unique arrangement as well as location with 
Canada and Mexico but the political stability of Saudi Arabia is 
always open to discussion and question. In addition, problems in 
Venezuela underline the United States vulnerability to interruption 
from a major supplier. Venezuela has had severe problems and the 
potential for an interruption in oil supply always exist. Iraq crude 
has off the market for several years (oil supply from is only just 
starting again) and conflict in Nigeria has significantly influenced 
oil output. 

Another important measure of vulnerability is the share of 
world crude coming from the Gulf region. The Gulf region has 
been viewed historically as a politically unstable area. Incidents in 
the region led to the three energy crises in 1973,1979, and the two 
recent Gulf Wars. While a smaller share of imported oil from the 
Gulf producers means lesser vulnerability, it may increase vulner-
ability buy having to rely on other sources, such as Venezuela. 

Whichever measure is used to assess energy dependence, the 
United States remains susceptible to an energy crisis because of the 
high dependence on imported oil. The United States has not made a 
significant reduction in dependence on imports since the mid 1980s 
and they continue to import almost 70% of the total petroleum 
consumption. 

The petroleum share in the total energy supply also reflects the 
dependence on petroleum by the United States. In recent years; 
however, this share has increased in the United States. Because of 
this, the United States is highly vulnerable to oil supply disruptions. 

Indeed, the possibility of energy crisis in the foreseeable future is 
greater than in previous years. Furthermore, the use of the Strategic 



270 PETROLEUM TECHNOLOGY, ECONOMICS, AND POLITICS 

Petroleum Reserve, or government controlled stocks, to lessen the 
impact of an energy crisis is subject to debate. In fact, the prema-
ture release of oil stocks from the Strategic Petroleum Reserve may 
exacerbate an energy crisis as it depletes the stocks while shortages 
still exist since it can lead to stabilized or even lower prices and 
increased consumption (Alhajji and Williams, 2003). 

Dependency and vulnerability to oil imports in the United States 
and, for that matter, in other oil-importing countries can be reduced 
by diversification of suppliers and by energy diversification. In addi-
tion, diversification of suppliers has the potential to lower the relative 
impact of supply disruption on most countries. The political instabil-
ity that swings back and forth in countries such Venezuela, Nigeria, 
and Iraq emphasizes the need for diversification of suppliers and so 
removing the reliance on a small number of oil-producing countries. 

9.6 Energy Security 

Energy security is the continuous and uninterrupted availability of 
energy, to a specific country or region. The security of energy sup-
ply conducts a crucial role in decisions that are related to the formu-
lation of energy policy strategies. The economies of many countries 
are depended by the energy imports in the notion that their balance 
of payments is affected by the magnitude of the vulnerability that 
the countries have in crude oil. 

The Hubbert theory of peak oil (Chapter 8) assumes that oil 
reserves will not be replenished (i.e. that abiogenic replenishment 
is negligible) and predicts that future world oil production must 
inevitably reach a peak and then decline as these reserves are 
exhausted. Controversy surrounds the theory since as predictions 
for the time of the global peak is dependent on the past production 
and discovery data used in the calculation. 

For the United States, the prediction turned out to be correct 
and, after the US peaked in 1971 and thus lost its excess production 
capacity, OPEC was able to manipulate oil prices. Since then, oil 
production in several other countries has also peaked. However, 
for a variety of reasons, it is difficult to predict the oil peak in any 
given region. Based on available production data, proponents have 
previously and incorrectly predicted the peak for the world to be 
in years 1989,1995, or in the 1995 to 2000 period. Other predictions 
have chosen 2007 and beyond for the peak of oil production. 
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But more important, several trends that should have been estab-
lished in the wake of the decreasing crude prices have never been 
put into practice. For example, and most important, the failure of 
politicians to recognize the need for a measure of energy indepen-
dence through the development of alternate resources as well the 
development of technologies that would assists in maximizing oil 
recovery. 

The fact that oil producing countries in the Middle East pro-
vide more than 50% of the world's consumption (El-Genk, 2008) 
is indicative for the low diversification of energy sources and the 
accompanying risks on smooth energy supply. The diversification 
that is offered by the alternative supplies from Russia and Africa 
cannot provide a sound solution for a supply disruption that may 
occur in the Middle East region. An overview of the oil market and 
the related risks and incidents clearly indicate that the risks associ-
ated to energy supply are many. War and civil conflicts might have 
been replaced, to some extent, by weather conditions and monopo-
listic practices, but they are still playing a crucial factor in energy 
supply (Doukas et ah, 2008). Therefore, the high dependency that 
most countries have in energy imports made essential for the policy 
makers to focus on the concept of security of energy supply. In this 
context, there is a need to assess the current energy system and the 
risks of energy disruptions in order to better design and adopt the 
required policies. 

Uncertainty about future demand for oil, which will influence 
how quickly the remaining oil is used, contributes to the uncer-
tainty about the timing of peak oil production. It is very likely that 
crude oil will continue to be a major source of energy well into the 
future and world consumption of petroleum products may even 
grow during the nest four decades. 

Future world oil demand will depend on such uncertain factors 
as world economic growth, future government policy, and con-
sumer choices. 

Environmental concerns about gasoline's emissions of carbon 
dioxide, which is a greenhouse gas, may encourage future reduc-
tions in oil demand if these concerns are translated into policies 
that promote biofuels. 

Consumer choices about conservation also can affect oil demand 
and thereby influence the timing of a peak. For example, if con-
sumers in the United States were to purchase more fuel-efficient 
vehicles in greater numbers, this could reduce future oil demand 
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in the United States, potentially delaying a time at which oil sup-
ply is unable to keep pace with oil demand. Such uncertainties that 
lead to changes in future oil demand ultimately make estimates 
of the timing of a peak uncertain. Specifically, using future annual 
increases in world oil consumption, ranging from 0%, to represent 
no increase, to 3%, to represent a large increase, and out of the vari-
ous scenarios examined, it may be up to 75 years for when the peak 
may occur. 

Factors that affect oil exploration and production also create 
uncertainty about the rate of production decline and the timing of 
the peak. The rate of decline after a peak is an important consider-
ation because a decline that is more abrupt will likely have more 
adverse economic consequences than a decline that is less abrupt. 

Consumer actions could help mitigate the consequences of a near-
term peak and decline in oil production through demand-reducing 
behaviors such as carpooling; teleworking; and eco-driving mea-
sures, such as proper tire inflation and slower driving speeds. 
These energy savings come at some cost of convenience and pro-
ductivity, and limited research has been done to estimate potential 
fuel savings associated with such efforts. However, estimates by 
the United States Department of Energy indicate that teleworking 
could reduce total fuel consumption in the by 1 to 4%, depending 
on whether teleworking is undertaken for two days per week or the 
full five-day week, respectively. 

If the peak occurs in the more distant future or the decline fol-
lowing a peak is less severe, alternative technologies have a 
greater potential to mitigate the consequences. The United States 
Department of Energy projects that the alternative technologies 
have the potential to displace up to the equivalent of 34% of annual 
U.S. consumption of petroleum products in the 2025 through 2030 
time frame. However, the United States Department of Energy also 
considers these projections optimistic because the assumption is 
that sufficient time and effort are dedicated to the development of 
these technologies to overcome the challenges they face. 

More specifically, the United States Department of Energy 
assumes sustained high oil prices above $50 per barrel as a driv-
ing force. The level of effort dedicated to overcoming challenges 
to alternative technologies will depend in part on the price of oil, 
with higher oil prices creating incentives to develop alternatives. 
High oil prices also enhance consumer interest in alternatives that 
consume less oil. For example, new purchases of light trucks, SUVs, 
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and minivans usually decline during a period of increasing gaso-
line prices. 

The prospect of a peak in oil production presents problems of 
global proportion whose consequences will depend critically on 
our preparedness. The consequences would be most dire if a peak 
occurred soon, without warning, and were followed by a sharp 
decline in oil production because alternative energy sources, par-
ticularly for transportation, are not yet available in large quantities. 
Such a peak would require sharp reductions in oil consumption, 
and the competition for increasingly scarce energy would drive 
up prices, possibly to unprecedented levels, causing severe eco-
nomic damage. While these consequences would be felt globally, 
the United States, being the largest consumer of oil and one of the 
nation's most heavily dependent on oil for transportation, is espe-
cially vulnerable. 

The subject of energy security has been for many years an impor-
tant concern among energy policy makers. The devastating short 
and long term effects of the oil crisis of 1973 in the global economy 
made clear since then that the need to guarantee the availability of 
energy resource supply in a sustainable and timely manner with 
the energy price being at a level that will not adversely affect the 
economic performance the European continent is of utmost impor-
tance (Asia Pacific Research Centre 2007). The continuous desta-
bilization of the Middle East, growing fears about further military 
intervention in this fragile geopolitical area, environmental catas-
trophes, the advent of organized terrorist operations across the 
globe, political risks and legal reforms have profoundly increased 
the possibility of potential energy disruptions that will have detri-
mental effects, considering the dependence of Europe to external 
energy suppliers. 

The popularity of the energy risk-premium concept has led to the 
formulation of a vast pool of knowledge encompassing an abun-
dance of derivatives models. Traders have the ability to hedge 
against various risks and create risk neutral portfolios using a 
diversified mix of energy derivative securities. However, up to now 
the risk-premium concept has not been used in the energy domain 
to quantify an energy security indicator. The main reason for this is 
that current techniques used in the energy domain do not incorpo-
rate the necessary probabilistic models that reflect on risk param-
eters associated with rare catastrophic events that cause adverse 
movements on the sport price of the underlying instrument. 
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A catastrophic event in general is an event which has severe 
losses, injury, or property damage, affects large population of expo-
sures and is caused by natural or handmade events (Fisher and 
Kist 2001). Examples of catastrophic events include natural disas-
ters, such as hurricanes, earthquakes, floods, and terrorist attacks. 
Over the last 20 years, natural catastrophes have been happening 
with increasing intensity. 

Catastrophic events in the energy context have a slightly differ-
ent meaning. They can be events with low frequency of occurrence 
that cause the spot price of the energy commodity to soar. Usually 
a price increase due to the catastrophic event does not have a last-
ing effect and the spot price tends to return to or close to its initial 
value. To combat such events, it will be necessary for the non-oil 
producing nations to commence development of sources of energy 
other than oil. 

Once all risk indicators associated with catastrophic events have 
been identified and properly estimated in terms of frequency of 
occurrence and impact in the underlying spot price, then the respec-
tive premium can be calculated under the common assumptions of 
derivatives pricing. 

In the longer term, there are many possible alternatives to using 
oil, including using biofuels and improving automotive fuel effi-
ciency, but these alternatives will require large investments, and in 
some cases, major changes in infrastructure or break-through tech-
nological advances. In the past, the private sector has responded 
to higher oil prices by investing in alternatives, and it is doing so 
now. However, investment, however, is determined largely by 
price expectations, so unless high oil prices are sustained, we can-
not expect private investment in alternatives to continue at current 
levels. If a peak were anticipated, oil prices would rise, signaling 
industry to increase efforts to develop alternatives and consumers 
of energy to conserve and look for more energy-efficient products. 

Finally, with the onset of the 21st century, petroleum technology 
is driven by the increasing supply of heavy oils with decreasing 
quality and the fast increases in the demand for clean and ultra-
clean vehicle fuels and petrochemical raw materials. As feedstocks 
to refineries change, there must be an accompanying change in 
refinery technology. This means a movement from conventional 
means of refining heavy feedstocks, typically using coking tech-
nologies to more innovative processes, including hydrogen man-
agement, that will produce the ultimate amounts liquid fuels from 



THE FUTURE 275 

the feedstock and maintain emissions within environmental com-
pliance (Penning, 2001; Lerner, 2002; Davis and Patel, 2004; Speight, 
2008; Speight, 2011). 

To meet the challenges from changing restructured over the 
years from simple crude trends in product slate and the stringent 
distillation operations into increasingly specifications imposed by 
environmental complex chemical operations involving legislation, 
the refining industry in the near transformation of crude oil into 
a variety of future will become increasingly flexible and refined 
products with specifications that meet innovative with new pro-
cessing schemes, users requirements. 

During the next 20 to 30 years, the evolution future of petroleum 
refining and the current refinery layout will be primarily on pro-
cess modification with some new innovations coming on-stream. 
The industry will move predictably on to deep conversion of heavy 
feedstocks, higher hydrocracking and hydrotreating capacity, and 
more efficient processes. 

High conversion refineries will move to gasification of feedstocks 
for the development of alternative fuels and to enhance equipment 
usage. A major trend in the refining industry market demand for 
refined products will be in synthesizing fuels from simple basic 
reactants (e.g. synthesis gas) when it becomes uneconomical to pro-
duce super clean transportation fuels through conventional refin-
ing processes. Fischer-Tropsch plants together with IGCC systems 
will be integrated with, or even into refineries, which will offer the 
advantage of high quality products. 

In summary, the petroleum industry is indeed at the verge of a 
major decision period with the onset of processing high volumes 
of heavy crude oil and residua. Several technology breakthroughs 
have made this possible, but many technical challenges remain and 
some are being met, including the production of fuels derived from 
sources other than petroleum (Speight, 2008; Heygaard Michaelsen 
et al, 2009; Luce, 2009; Spewight, 2011). 
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Conversion Factors 

1 acre = 43,560 sq ft 

1 acre foot = 7758.0 barrels 

1 atmosphere = 760 mm Hg = 14.696 psia = 29.91 in. Hg 

1 atmosphere - 1.0133 bars = 33.899 ft. H 2 0 

1 barrel (oil) = 42 gal = 5.6146 cu ft 

1 barrel (water) = 350 lb at 60°F 

1 barrel per day = 1.84 cu cm per second 

1 Btu = 778.26 ft-lb 

1 centi poise x 2.42 = lb mass/(ft) (hr), viscosity 

1 centipoise x 0.000672 = lb mass/(ft) (sec), viscosity 

1 cubic foot = 28,317 cu cm = 7.4805 gal 

Density of water at 60°F = 0.999 gram/cu cm = 62.367 Ib/cu ft 
- 8.337 lb/gal 

1 gallon = 231 cu in. = 3,785.4 cu cm = 0.13368 cu ft 

1 horsepower-hour - 0.7457 kwhr = 2544.5 Btu 

1 horsepower = 550 ft-lb/sec = 745.7 watts 

1 inch = 2.54 cm 

1 meter = 100 cm = 1,000 mm = 10 microns = 10 angstroms (A) 

1 ounce = 28.35 grams 

1 pound = 453.59 grams = 7,000 grains 

1 square mile = 640 acres 
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3-D seismic: Seismic data that is acquired and processed to yield a 
three-dimensional picture of the subsurface. 

A 
Abandonment costs: Costs associated with abandoning a well or 

production facility. Such costs are specified in the authority for 
expenditure and typically cover the plugging of wells; removal 
of well equipment, production tanks and associated installa-
tions; and surface remediation. 

Absorber: See Absorption tower. 
Absorption gasoline: Gasoline extracted from natural gas or refin-

ery gas by contacting the absorbed gas with oil and subsequently 
distilling the gasoline from the higher-boiling components. 

Absorption oil: Oil used to separate the heavier components from 
a vapor mixture by absorption of the heavier components dur-
ing intimate contacting of the oil and vapor; used to recover 
natural gasoline from wet gas. 

Absorption plant: A plant for recovering the condensable por-
tion of natural or refinery gas, by absorbing the higher boiling 
hydrocarbons in an absorption oil, followed by separation and 
fractionation of the absorbed material. 

Absorption tower: A tower or column, which promotes contact 
between a rising gas and a falling liquid so that part of the gas 
may be dissolved in the liquid. 

Acid catalyst: A catalyst having acidic character; the aluminas are 
examples of such catalysts. 
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Acid deposition: Acid rain; a form of pollution depletion in which 
pollutants, such as nitrogen oxides and sulfur oxides, are trans-
ferred from the atmosphere to soil or water; often referred to as 
atmospheric self-cleaning. The pollutants usually arise from the 
use of fossil fuels. 

Acid rain: The precipitation phenomenon that incorporates anthro-
pogenic acids and other acidic chemicals from the atmosphere 
to the land and water (see Acid deposition). 

Acoustic log: A display of travel time of acoustic waves versus 
depth in a well; the term is commonly used as a synonym for a 
sonic log; some acoustic logs display velocity. 

Afterflow: The flow associated with wellbore storage following a 
surface shut-in. When a well is first shut in at the surface, flow 
from the formation into the bottom of the wellbore continues 
unabated until compression of the fluids in the wellbore causes 
the downhole pressure to rise; if the wellbore fluid is highly 
compressible and the well rate is low, the afterflow period can 
be long; conversely, high-rate wells producing little gas have 
negligible afterflow periods. 

Air-blown asphalt: Asphalt produced by blowing air through 
residua at elevated temperatures. 

Air pollution: The discharge of toxic gases and particulate mat-
ter introduced into the atmosphere, principally as a result of 
human activity. 

Alcohol: The family name of a group of organic chemical com-
pounds composed of carbon, hydrogen, and oxygen. The mol-
ecules in the series vary in chain length and are composed of a 
hydrocarbon plus a hydroxyl group. Alcohol includes methanol 
and ethanol. 

Alkylation: A process for manufacturing high octane blending 
components used in unleaded petrol or gasoline. 

Alumina (A1203): Used in separation methods as an adsorbent and 
in refining as a catalyst. 

American Society for Testing and Materials (ASTM): The official 
organization in the United States for designing standard tests 
for petroleum and other industrial products. 

Anaerobic digestion: Decomposition of biological wastes by 
micro-organisms, usually under wet conditions, in the absence 
of air (oxygen), to produce a gas comprising mostly methane 
and carbon dioxide. 
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Annual removals: The net volume of growing stock trees removed 
from the inventory during a specified year by harvesting, cul-
tural operations such as timber stand improvement, or land 
clearing. 

API gravity: A measure of the lightness or heaviness of petroleum 
that is related to density and specific gravity: API = (141.5/sp 
gr @ 60°F) - 131.5. 

Aquifer: A subsurface rock interval that will produce water; often 
the underlay of a petroleum reservoir. 

Aromatics: A range of hydrocarbons which have a distinctive sweet 
smell and include benzene and toluene' occur naturally in 
petroleum and are also extracted as a petrochemical feedstock, 
as well as for use as solvents. 

Asphalt: The nonvolatile product obtained by distillation and treat-
ment of an asphaltic crude oil; a manufactured product. 

Asphalt cement: Asphalt especially prepared as to quality and 
consistency for direct use in the manufacture of bituminous 
pavements. 

Asphaltene (asphaltene constituents): The brown to black pow-
dery material produced by treatment of petroleum, heavy oil, 
bitumen, or residuum with a low-boiling liquid hydrocarbon. 

B 
Bank: The concentration of oil (oil bank) in a reservoir that moves 

cohesively through the reservoir. 
Barrel (bbl): The unit of measure used by the petroleum industry; 

equivalent to approximately forty-two US gallons or approxi-
mately thirty four (33.6) Imperial gallons or 159 liters; 7.2 barrels 
are equivalent to one tonne of oil (metric). 

Barrel of oil equivalent (boe): The amount of energy contained in 
a barrel of crude oil, i.e. approximately 6.1 GJ (5.8 million Btu), 
equivalent to 1,700 kWh. 

Bbl: A barrel of 42 U.S. gallons of oil. 
Bcf : Billion cubic feet of natural gas. 
Befe: Billion cubic feet equivalent, determined using the ratio of six 

Mcf of natural gas to one Bbl of crude oil, condensate or natural 
gas liquids. 

Benzene: A colorless aromatic liquid hydrocarbon (C6H6). 
Benzin: A refined light naphtha used for extraction purposes. 
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Benzine: An obsolete term for light petroleum distillates covering 
the gasoline and naphtha range; see Ligroine. 

Benzol: The general term which refers to commercial or technical 
(not necessarily pure) benzene; also the term used for aromatic 
naphtha. 

Billion: 1 x 109. 
Biochemical conversion: The use of fermentation or anaerobic 

digestion to produce fuels and chemicals from organic sources. 
Biodiesel: A fuel derived from biological sources that can be used 

in diesel engines instead of petroleum-derived diesel; through 
the process of transesterification, the triglycérides in the bio-
logically derived oils are separated from the glycerin, creating a 
clean-burning, renewable fuel. 

Bioenergy: Useful, renewable energy produced from organic 
matter - the conversion of the complex carbohydrates in organic 
matter to energy; organic matter may either be used directly as 
a fuel, processed into liquids and gasses, or be a residual of 
processing and conversion. 

Bioethanol: Ethanol produced from biomass feedstocks; includes 
ethanol produced from the fermentation of crops, such as corn, 
as well as cellulosic ethanol produced from woody plants or 
grasses. 

Biofuels: A generic name for liquid or gaseous fuels that are not 
derived from petroleum based fossils fuels or contain a propor-
tion of non fossil fuel; fuels produced from plants, crops such as 
sugar beet, rape seed oil or re-processed vegetable oils or fuels 
made from gasified biomass; fuels made from renewable bio-
logical sources and include ethanol, methanol, and biodiesel; 
sources include, but are not limited to: corn, soybeans, flaxseed, 
rapeseed, sugarcane, palm oil, raw sewage, food scraps, animal 
parts, and rice. 

Biogas: A combustible gas derived from decomposing biological 
waste under anaerobic conditions. Biogas normally consists of 
50 to 60 percent methane. See also landfill gas. 

Biomass: Any organic matter that is available on a renewable or 
recurring basis, including agricultural crops and trees, wood 
and wood residues, plants (including aquatic plants), grasses, 
animal manure, municipal residues, and other residue materi-
als. Biomass is generally produced in a sustainable manner from 
water and carbon dioxide by photosynthesis. There are three 
main categories of biomass - primary, secondary, and tertiary. 
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Biomass to liquid (BTL): The process of converting biomass to 
liquid fuels. Hmm, that seems painfully obvious when you 
write it out. 

Biopower: The use of biomass feedstock to produce electric power 
or heat through direct combustion of the feedstock, through 
gasification and then combustion of the resultant gas, or through 
other thermal conversion processes. Power is generated with 
engines, turbines, fuel cells, or other equipment. 

Biorefinery: A facility that processes and converts biomass into 
value-added products. These products can range from bioma-
terials to fuels such as ethanol or important feedstocks for the 
production of chemicals and other materials. 

Bitumen: On occasion, referred to as native asphalt, and extra heavy 
oil; a naturally occurring material that has little or no mobility 
under reservoir conditions and which cannot be recovered 
through a well by conventional oil well production methods 
including currently used enhanced recovery techniques; curr-
ent methods involve mining for bitumen recovery. 

Bituminous: Containing bitumen or constituting the source of 
bitumen. 

Bituminous rock: See Bituminous sand. 
Bituminous sand: A formation in which the bituminous material 

(see Bitumen) is found as a filling in veins and fissures in frac-
tured rock or impregnating relatively shallow sand, sandstone, 
and limestone strata; a sandstone reservoir that is impregnated 
with a heavy, viscous black petroleum-like material that can-
not be retrieved through a well by conventional production 
techniques. 

Black liquor: Solution of lignin-residue and the pulping chemicals 
used to extract lignin during the manufacture of paper. 

BOE: Barrel of oil equivalent. 
Boiling point: A characteristic physical property of a liquid at 

which the vapor pressure is equal to that of the atmosphere and 
the liquid is converted to a gas. 

Boiling range: The range of temperature, usually determined at 
atmospheric pressure in standard laboratory apparatus, over 
which the distillation of an oil commences, proceeds, and 
finishes. 

Bone dry: Having zero percent moisture content. Wood heated in 
an oven at a constant temperature of 100°C (212°F) or above 
until its weight stabilizes is considered bone dry or oven dry. 
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Bottomhole shut-in: A well shut in slightly above the producing 
formation by use of special downhole tools containing a valve 
that can be preprogrammed or controlled from the surface; this 
practice is commonly associated with drillstem tests; technol-
ogy exists to employ bottomhole shut-in in suitably equipped 
completed wells. 

Bottoming cycle: A cogeneration system in which steam is used 
first for process heat and then for electric power production. 

British thermal unit - (Btu): A non-metric unit of heat, still widely 
used by engineers; One Btu is the heat energy needed to raise 
the temperature of one pound of water from 60°F to 61 °F at one 
atmosphere pressure. 1 Btu = 1055 joules (1.055 kj). 

Bunker: A storage tank. 
Butanol: Though generally produced from fossil fuels, this four-

carbon alcohol can also be produced through bacterial fermen-
tation of alcohol. 

C 
Ct, C2, Cy C4, C5 fractions: a common way of representing fractions 

containing a preponderance of hydrocarbons having 1, 2, 3, 4, 
or 5 carbon atoms, respectively, and without reference to hydro-
carbon type. 

Carbon dioxide (C02): A product of combustion that acts as a 
greenhouse gas in the Earth's atmosphere, trapping heat and 
contributing to climate change. 

Carbonization: The conversion of an organic compound into char 
or coke by heat in the substantial absence of air; often used 
in reference to the destructive distillation (with simultaneous 
removal of distillate) of coal. 

Carbon monoxide (CO): A lethal gas produced by incomplete 
combustion of carbon-containing fuels in internal combustion 
engines. It is colorless, odorless, and tasteless. (As in flavorless, 
we mean, though it's also been known to tell a bad joke or two.) 

Carbon sink: A geographical area whose vegetation and/or soil 
soaks up significant carbon dioxide from the atmosphere. Such 
areas, typically in tropical regions, are increasingly being sacri-
ficed for energy crop production. 

Catalyst: A substance that accelerates a chemical reaction without 
itself being affected or consumed. In refining, catalysts are used 
in the cracking process to produce blending components for 
fuels. 
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Catalyst selectivity: The relative activity of a catalyst with respect 
to a particular compound in a mixture, or the relative rate in 
competing reactions of a single reactant. 

Cetane number: A measure of the ignition quality of diesel fuel; 
the higher the number the more easily the fuel is ignited under 
compression. 

CFR: Code of Federal Regulations; Title 40 (40 CFR) contains the 
regulations for protection of the environment. 

Closed-loop biomass: Crops grown, in a sustainable manner, for 
the purpose of optimizing their value for bioenergy and bio-
product uses. This includes annual crops such as maize and 
wheat, and perennial crops such as trees, shrubs, and grasses 
such as switch grass. 

Cloud point: The temperature at which paraffin wax or other solid 
substances begin to crystallise or separate from the solution, 
imparting a cloudy appearance to the oil when the oil is chilled 
under prescribed conditions. 

Coal tar: The specific name for the tar (q.v.) produced from coal. 
Coal tar pitch: The specific name for the pitch (q.v.) produced from 

coal. 
Coarse materials: Wood residues suitable for chipping, such as 

slabs, edgings, and trimmings. 
Coking: A thermal method used in refineries for the conversion of 

bitumen and residua to volatile products and coke (see Delayed 
coking and Fluid coking). 

Completion: The installation of permanent equipment for the pro-
duction of oil or gas. 

Conformance: the uniformity with which a volume of the reservoir 
is swept by injection fluids in area and vertical directions. 

Conventional crude oil (conventional petroleum): Crude oit that 
is pumped from the ground and recovered using the energy 
inherent in the reservoir; also recoverable by application of 
secondary recovery techniques. 

Cord: A stack of wood comprising 128 cubic feet (3.62 m3); standard 
dimensions are 4 x 4 x 8 feet, including air space and bark. One 
cord contains approx. 1.2 U.S. tons (oven-dry) = 2400 pounds = 
1089 kg. 

Cracking: A secondary refining process that uses heat and /or a 
catalyst to break down high molecular weight chemical compo-
nents into lower molecular weight products which can be used 
as blending components for fuels. 
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Craig-Geff en-Morse method: A method for predicting oil recovery 
by water flood. 

Cropland: Total cropland includes five components: cropland har-
vested, crop failure, cultivated summer fallow, cropland used 
only for pasture, and idle cropland. 

Cropland pasture: Land used for long-term crop rotation. 
However, some cropland pasture is marginal for crop uses and 
may remain in pasture indefinitely. This category also includes 
land that was used for pasture before crops reached maturity 
and some land used for pasture that could have been cropped 
without additional improvement. 

Crude oil: See Petroleum. 
Cull tree: A live tree, 5.0 inches in diameter at breast height (dbh) 

or larger that is non-merchantable for saw logs now or prospec-
tively because of rot, roughness, or species. (See definitions for 
rotten and rough trees.) 

Cultivated summer fallow: Cropland cultivated for one or more 
seasons to control weeds and accumulate moisture before small 
grains are planted. 

D 
Delayed coking: A coking process in which the thermal reactions 

are allowed to proceed to completion to produce gaseous, 
liquid, and solid (coke) products. 

Density: The mass (or weight) of a unit volume of any substance at 
a specified temperature; see also Specific gravity. 

Desulfurization: The removal of sulfur or sulfur compounds from 
a feedstock. 

Development well: A well drilled within the proved area of an oil 
or gas reservoir to the depth of a stratigraphie horizon known 
to be productive. 

Diesel engine: Named for the German engineer Rudolph Diesel, 
this internal-combustion, compression-ignition engine works 
by heating fuels and causing them to ignite; can use either 
petroleum or bio-derived fuel. 

Diesel fuel: A distillate of fuel oil that has been historically derived 
from petroleum for use in internal combustion engines; also 
derived from plant and animal sources. 

Diesel, Rudolph: German inventor famed for fashioning the diesel 
engine, which made its debut at the 1900 World's Fair; initially 
engine to run on vegetable-derived fuels. 
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Digester: An airtight vessel or enclosure in which bacteria decom-
poses biomass in water to produce biogas. 

Direct-injection engine: A diesel engine in which fuel is injected 
directly into the cylinder. 

Distillate: Any petroleum product produced by boiling crude oil 
and collecting the vapors produced as a condensate in a sepa-
rate vessel, for example gasoline (light distillate), gas oil (mid-
dle distillate), or fuel oil (heavy distillate). 

Distillation: The primary distillation process which uses high 
temperature to separate crude oil into vapor and fluids which 
can then be fed into a distillation or fractionating tower. 

Downdraft gasifier: A gasifier in which the product gases pass 
through a combustion zone at the bottom of the gasifier. 

Dutch oven furnace: One of the earliest types of furnaces, having 
a large, rectangular box lined with firebrick (refractory) on the 
sides and top; commonly used for burning wood. 

E 
E85: An alcohol fuel mixture containing 85 percent ethanol and 

15 percent gasoline by volume, and the current alternative fuel 
of choice of the U.S. government. 

Effluent: The liquid or gas discharged from a process or chemical 
reactor, usually containing residues from that process. 

Emissions: Substances discharged into the air during combustion, 
e.g., all that stuff that comes out of your car. 

Emissions: Waste substances released into the air or water. 
Energy crops: Crops grown specifically for their fuel value; include 

food crops such as corn and sugarcane, and nonfood crops such 
as poplar trees and switch grass. 

Energy balance: The difference between the energy produced by 
a fuel and the energy required to obtain it through agricultural 
processes, drilling, refining, and transportation. 

Energy crops: Agricultural crops grown specifically for their energy 
value. 

Energy-efficiency ratio: A number representing the energy stored 
in a fuel as compared to the energy required to produce, process, 
transport, and distribute that fuel. 

Enhanced recovery: Methods that usually involves the application 
of thermal energy (e.g., steam flooding) to oil recovery from the 
reservoir. 
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Enhanced oil recovery (EOR) process: A method for recovering 
additional oil from a petroleum reservoir beyond that eco-
nomically recoverable by conventional primary and second-
ary recovery methods. EOR methods are usually divided into 
three main categories: (1) chemical flooding: injection of water 
with added chemicals into a petroleum reservoir. The chemical 
processes include: surfactant flooding, polymer flooding, and 
alkaline flooding, (2) miscible flooding: injection into a petro-
leum reservoir of a material that is miscible, or can become 
miscible, with the oil in the reservoir. Carbon dioxide, hydro-
carbons, and nitrogen are used, (3) thermal recovery: injection 
of steam into a petroleum reservoir, or propagation of a com-
bustion zone through a reservoir by air or oxygen- enriched 
air injection. The thermal processes include: steam drive, cyclic 
steam injection, and in situ combustion. 

Ethanol (ethyl alcohol, alcohol, or grain-spirit): A clear, colorless, 
flammable oxygenated hydrocarbon; used as a vehicle fuel by 
itself (El 00 is 100% ethanol by volume), blended with gasoline 
(E85 is 85% ethanol by volume), or as a gasoline octane enhancer 
and oxygenate (10% by volume). 

Exploratory well: A well drilled to find and produce oil or gas in 
an unproved area, to find a new reservoir in a field previously 
found to be productive of oil or gas in another reservoir, or to 
extend a known reservoir. 

F 
FCC: Fluid catalytic cracking. 
FCCU: Fluid catalytic cracking unit. 
Feedstock: The biomass used in the creation of a particular biofuel 

(e.g., corn or sugarcane for ethanol, soybeans or rapeseed for 
biodiesel). 

Fermentation: Conversion of carbon-containing compounds by 
micro-organisms for production of fuels and chemicals such as 
alcohols, acids or energy-rich gases. 

Fiber products: Products derived from fibers of herbaceous and 
woody plant materials; examples include pulp, composition 
board products, and wood chips for export. 

Fine materials: Wood residues not suitable for chipping, such as 
planer shavings and sawdust. 
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Flexible-fuel vehicle (flex-fuel vehicle): A vehicle that can run 
alternately on two or more sources of fuel; includes cars capable 
of running on gasoline and gasoline/ethanol mixtures, as well 
as cars that can run on both gasoline and natural gas. 

Fluid coking: A continuous fluidised solids process that cracks feed 
thermally over heated coke particles in a reactor vessel to gas, 
liquid products, and coke. 

Fluidized-bed boiler: A large, refractory-lined vessel with an air 
distribution member or plate in the bottom, a hot gas out-
let in or near the top, and some provisions for introducing 
fuel; the fluidized bed is formed by blowing air up through 
a layer of inert particles (such as sand or limestone) at a rate 
that causes the particles to go into suspension and continu-
ous motion. 

Fly ash: Small ash particles carried in suspension in combustion 
products. 

Forest land: Land at least 10% stocked by forest trees of any size, 
including land that formerly had such tree cover and that will be 
naturally or artificially regenerated; includes transition zones, 
such as areas between heavily forested and non-forested lands 
that are at least 10% stocked with forest trees and forest areas 
adjacent to urban and built-up lands; also included are pinyon-
juniper and chaparral areas; minimum area for classification of 
forest land is 1 acre. 

Forest residues: Material not harvested or removed from logging 
sites in commercial hardwood and softwood stands as well as 
material resulting from forest management operations such 
as pre-commercial thinnings and removal of dead and dying 
trees. 

Forest health: A condition of ecosystem sustainability and attain-
ment of management objectives for a given forest area; usu-
ally considered to include green trees, snags, resilient stands 
growing at a moderate rate, and endemic levels of insects and 
disease. 

Formation: An interval of rock with distinguishable geologic 
characteristics. 

Fossil fuel: Solid, liquid, or gaseous fuels formed in the ground 
after millions of years by chemical and physical changes in 
plant and animal residues under high temperature and pres-
sure. Oil, natural gas, and coal are fossil fuels. 
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Fossil fuel resources: a gaseous, liquid, or solid fuel material 
formed in the ground by chemical and physical changes (dia-
genesis, q.v.) in plant and animal residues over geological time; 
natural gas, petroleum, coal, and oil shale. 

Fuel cell: A device that converts the energy of a fuel directly to elec-
tricity and heat, without combustion. 

Fuel cycle: The series of steps required to produce electricity. The 
fuel cycle includes mining or otherwise acquiring the raw fuel 
source, processing and cleaning the fuel, transport, electricity 
generation, waste management and plant decommissioning. 

Fuel oil: A heavy residue, black in color, used to generate power or 
heat by burning in furnaces. 

Fuel treatment evaluator (FTE): A strategic assessment tool capa-
ble of aiding the identification, evaluation, and prioritization of 
fuel treatment opportunities. 

Fuel wood: Wood used for conversion to some form of energy, 
primarily for residential use. 

Furnace: An enclosed chamber or container used to burn biomass 
in a controlled manner to produce heat for space or process 
heating. 

G 
Gasification: A chemical or heat process used to convert carbona-

ceous material (such as coal, petroleum, and biomass) into gas-
eous components such as carbon monoxide and hydrogen. 

Gasifier: A device for converting solid fuel into gaseous fuel; in bio-
mass systems, the process is referred to as pyrolitic distillation. 

Gasohol: A mixture of 10% anhydrous ethanol and 90% gaso-
line by volume; 7.5% anhydrous ethanol and 92.5% gasoline 
by volume; or 5.5% anhydrous ethanol and 94.5% gasoline by 
volume. 

Gas to liquids (GTL): The process of refining natural gas and other 
hydrocarbons into longer-chain hydrocarbons, which can be 
used to convert gaseous waste products into fuels. 

Gel point: The point at which a liquid fuel cools to the consistency 
of petroleum jelly. 

Genetically modified organism (GMO): An organism whose 
genetic material has been modified through recombinant DNA 
technology, altering the phenotype of the organism to meet 
desired specifications. 
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Grassland pasture and range: All open land used primarily for 
pasture and grazing, including shrub and brush land types of 
pasture; grazing land with sagebrush and scattered mesquite; 
and all tame and native grasses, legumes, and other forage 
used for pasture or grazing; because of the diversity in vegeta-
tive composition, grassland pasture and range are not always 
clearly distinguishable from other types of pasture and range; 
at one extreme, permanent grassland may merge with cropland 
pasture, or grassland may often be found in transitional areas 
with forested grazing land. 

Grease car: A diesel-powered automobile rigged post-production 
to run on used vegetable oil. 

Greenhouse effect: The effect of certain gases in the Earth's atmo-
sphere in trapping heat from the sun. 

Greenhouse gases: Gases that trap the heat of the sun in the Earth's 
atmosphere, producing the greenhouse effect. The two major 
greenhouse gases are water vapor and carbon dioxide. Other 
greenhouse gases include methane, ozone, chlorofluorocar-
bons, and nitrous oxide. 

Grid: An electric utility company's system for distributing power. 
Gross: When used with respect to acres or wells, refers to the total 

acres or wells in which a company, individual, trust, or founda-
tion has a working interest. 

Growing stock: A classification of timber inventory that includes 
live trees of commercial species meeting specified standards of 
quality or vigor; cull trees are excluded. 

H 
Habitat: The area where a plant or animal lives and grows under 

natural conditions. Habitat includes living and non-living attri-
butes and provides all requirements for food and shelter. 

Hardwoods: Usually broad-leaved and deciduous trees. 
Heating value: The maximum amount of energy that is available 

from burning a substance. 
Heavy oil (heavy crude oil): Oil that is more viscous that conven-

tional crude oil, has a lower mobility in the reservoir but can be 
recovered through a well from the reservoir by the application 
of a secondary or enhanced recovery methods. 

Hectare: Common metric unit of area, equal to 2.47 acres. 
100 hectares = 1 square kilometer. 
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Herbaceous: Non-woody type of vegetation, usually lacking per-
manent strong stems, such as grasses, cereals and canola (rape). 

Heteroatom compounds: Chemical compounds that contain nitro-
gen and/or oxygen and/or sulfur and /or metals bound within 
their molecular structure(s). 

Horizontal drilling: A drilling technique that permits the opera-
tor to contact and intersect a larger portion of the producing 
horizon than conventional vertical drilling techniques and can 
result in both increased production rates and greater ultimate 
recoveries of hydrocarbons. 

Hydrocarbonaceous material: A material such as bitumen that 
is composed of carbon and hydrogen with other elements 
(heteroelements), such as nitrogen, oxygen, sulfur, and metals 
chemically combined within the structures of the constituents; 
even though carbon and hydrogen may be the predominant 
elements, there may be very few true hydrocarbons. 

Hydrocarbon compounds: Chemical compounds containing only 
carbon and hydrogen. 

Hydrodesulf urization: The removal of sulfur by hydrotreating (q.v.). 
Hydroprocesses: Refinery processes designed to add hydrogen to 

various products of refining. 
Hydrotreating: The removal of heteroatomic (nitrogen, oxygen, 

and sulfur) species by treatment of a feedstock or product at 
relatively low temperatures in the presence of hydrogen. 

I 
Idle cropland: Land in which no crops were planted; acreage 

diverted from crops to soil-conserving uses (if not eligible for 
and used as cropland pasture) under federal farm programs is 
included in this component. 

Incinerator: Any device used to burn solid or liquid residues or 
wastes as a method of disposal. 

Inclined grate: A type of furnace in which fuel enters at the top 
part of a grate in a continuous ribbon, passes over the upper 
drying section where moisture is removed, and descends into 
the lower burning section. Ash is removed at the lower part of 
the grate. 

Incremental ultimate recovery: The difference between the quantity 
of oil that can be recovered by EOR methods and the quantity 
of oil that can be recovered by conventional recovery methods. 
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Indirect-injection engine: An older model of diesel engine in which 
fuel is injected into a pre-chamber, partly combusted, and then 
sent to the fuel-injection chamber. 

Indirect liquefaction: Conversion of biomass to a liquid fuel 
through a synthesis gas intermediate step. 

Industrial wood: All commercial round wood products except fuel 
wood. 

Isopach: a line on a map designating points of equal formation 
thickness. 

J 
Jet fuel: Fuel meeting the required properties for use in jet engines 

and aircraft turbine engines. 
Joule: Metric unit of energy, equivalent to the work done by a force 

of one Newton applied over distance of one meter (= 1 kg m2/s2). 
One joule (J) = 0.239 calories (1 calorie = 4.187 J). 

K 

Kerosene: A light middle distillate that in various forms is used as 
aviation turbine fuel or for burning in heating boilers or as a 
solvent, such as white spirit. 

Kilowatt: (kW): A measure of electrical power equal to 1,000 watts. 
1 kW = 3412 Btu/hr = 1.341 horsepower. 

Kilowatt hour - (kWh): A measure of energy equivalent to the 
expenditure of one kilowatt for one hour. For example, 1 kWh 
will light a 100-watt light bulb for 10 hours. 1 kWh = 3412 Btu. 

Kriging: A technique used in reservoir description for interpolation 
of reservoir parameters between wells based on random field 
theory. 

L 
Landfill gas: A type of biogas that is generated by decomposi-

tion of organic material at landfill disposal sites. Landfill gas is 
approximately 50 percent methane. See also biogas. 

Leaded gasoline: Gasoline containing tetraethyl lead or other 
organometallic lead antiknock compounds. 

Light petroleum: Petroleum having an API gravity greater than 20°. 
Lignin: Structural constituent of wood and (to a lesser extent) other 

plant tissues, which encrusts the walls and cements the cells 
together. 
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Ligroine (Ligroin): A saturated petroleum naphtha boiling in the 
range of 20 to 135°C (68 to 275°F) and suitable for general use as 
a solvent; also called benzine or petroleum ether. 

Liquefied petroleum gas: Propane, butane, or mixtures thereof, 
gaseous at atmospheric temperature and pressure, held in the 
liquid state by pressure to facilitate storage, transport, and 
handling. 

Live cull: A classification that includes live cull trees; when associ-
ated with volume, it is the net volume in live cull trees that are 
5.0 inches in diameter and larger. 

Live steam: Steam coming directly from a boiler before being 
utilized for power or heat. 

Logging residues: The unused portions of growing-stock and 
non-growing-stock trees cut or killed logging and left in the 
woods. 

Lube: See Lubricating oil. 
Lube cut: A fraction of crude oil of suitable boiling range and 

viscosity to yield lubricating oil when completely refined; also 
referred to as lube oil distillates or lube stock. 

Lubricating oil: A fluid lubricant used to reduce friction between 
bearing surfaces. 

M 

M85: An alcohol fuel mixture containing 85 percent methanol and 
15 percent gasoline by volume. Methanol is typically made 
from natural gas, but can also be derived from the fermentation 
of biomass. 

Marsh: An area of spongy waterlogged ground with large num-
bers of surface water pools. Marshes usually result from: (1) an 
impermeable underlying bedrock; (2) surface deposits of glacial 
boulder clay; (3) a basin-like topography from which natural 
drainage is poor; (4) very heavy rainfall in conjunction with 
a correspondingly low evaporation rate; (5) low-lying land, 
particularly at estuarine sites at or below sea level. 

Mbbls: 1,000 barrels of oil. 
Mcf: 1,000 cubic feet of natural gas. 
Mcfe: 1,000 cubic feet equivalent, determined using the ratio of six 

Mcf of natural gas to one barrel of crude oil. 
Megawatt: (MW) A measure of electrical power equal to one 

million watts (1,000 kW). 
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MEOR: Microbial enhanced oil recovery. 
Methanol: A fuel typically derived from natural gas, but which can 

be produced from the fermentation of sugars in biomass. 
Microcrystalline wax: Wax extracted from certain petroleum 

residua and having a finer and less apparent crystalline struc-
ture than paraffin wax. 

Middle distillate: Distillate boiling between the kerosene and 
lubricating oil fractions. 

Migration (primary): The movement of hydrocarbons (oil and 
natural gas) from mature, organic-rich source rocks to a point 
where the oil and gas can collect as droplets or as a continuous 
phase of liquid hydrocarbon. 

Migration (secondary): The movement of the hydrocarbons as a 
single, continuous fluid phase through water-saturated rocks, 
fractures, or faults followed by accumulation of the oil and 
gas in sediments (traps, q.v.) from which further migration is 
prevented. 

Million: 1 x 106. 
Mill residue: Wood and bark residues produced in processing logs 

into lumber, plywood, and paper. 
Mineral hydrocarbons: Petroleum hydrocarbons, considered min-

eral because they come from the earth rather than from plants 
or animals. 

Mineral oil: The older term for petroleum; the term was introduced 
in the 19th century as a means of differentiating petroleum 
(rock oil) from whale oil which, at the time, was the predomi-
nant illuminant for oil lamps. 

Minerals: Naturally occurring inorganic solids with well-defined 
crystalline structures. 

MMbbls: 1,000,000 barrels of oil. 
MMBOE: 1,000,000 barrels of oil equivalent. 
MMcf: 1,000,000 cubic feet of natural gas. 
MMcfe: 1,000,000 cubic feet of gas equivalent, determined using 

the ratio of 6 Mcf of natural gas to 1 bbl of crude oil, condensate 
or natural gas liquids. 

Modified/unmodified diesel engine: Traditional diesel engines 
must be modified to heat the oil before it reaches the fuel injec-
tors in order to handle straight vegetable oil. Modified, any die-
sel engine can run on veggie oil; without modification, the oil 
must first be converted to biodiesel. 
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Moisture content: (MC): The weight of the water contained in 
wood, usually expressed as a percentage of weight, either 
oven-dry or as received. 

Moisture content, dry basis: Moisture content expressed as a 
percentage of the weight of oven-wood, i.e.: [(weight of wet 
sample - weight of dry sample) / weight of dry sample] x 100. 

Moisture content, wet basis: Moisture content expressed as a per-
centage of the weight of wood as-received, i.e.: [(weight of wet 
sample - weight of dry sample) / weight of wet sample] x 100. 

MTBE: Methyl tertiary butyl ether is highly refined high octane 
light distillate used in the blending of petrol. 

N 
Naft: Pre-Christian era (Greek) term for naphtha (q.v.). 
Napalm: A thickened gasoline used as an incendiary medium that 

adheres to the surface it strikes. 
Naphtha: A generic term applied to refined, partly refined, or unre-

fined petroleum products and liquid products of natural gas, 
the majority of which distills below 240°C (464°F); the volatile 
fraction of petroleum which is used as a solvent or as a precur-
sor to gasoline. 

Native asphalt: See Bitumen. 
Natural asphalt: See Bitumen. 
Natural gas: The naturally occurring gaseous constituents that are 

found in many petroleum reservoirs; also there are also those 
reservoirs in which natural gas may be the sole occupant. 

Natural gas liquids (NGL): The hydrocarbon liquids that condense 
during the processing of hydrocarbon gases that are produced 
from oil or gas reservoir; see also Natural gasoline. 

Natural gasoline: A mixture of liquid hydrocarbons extracted from 
natural gas (q.v.) suitable for blending with refinery gasoline. 

Natural gasoline plant: A plant for the extraction of fluid hydro-
carbon, such as gasoline and liquefied petroleum gas, from 
natural gas. 

Net: When used with respect to acres or wells, refers to gross acres 
of wells multiplied, in each case, by the percentage working 
interest owned by a company, individual, trust, or foundation. 

Netback: Profit. 
Net production: Production that is owned by a company, individual, 

trust, or foundation, less royalties and production due others. 
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Nitrogen fixation: The transformation of atmospheric nitrogen into 
nitrogen compounds that can be used by growing plants. 

Nitrogen oxides (NOx): Products of combustion that contribute to 
the formation of smog and ozone. 

Non-asphaltic road oil: Any of the nonhardening petroleum distil-
lates or residual oils used as dust layers. They have sufficiently 
low viscosity to be applied without heating and, together with 
asphaltic road oils (q.v.), are sometimes referred to as dust 
palliatives. 

Non-forest land: Land that has never supported forests and lands 
formerly forested where use of timber management is pre-
cluded by development for other uses; if intermingled in forest 
areas, unimproved roads and non-forest strips must be more 
than 120 feet wide, and clearings, etc., must be more than 1 acre 
in area to qualify as non-forest land. 

Non-attainment area: Any area that does not meet the national 
primary or secondary ambient air quality standard established 
(by the Environmental Protection Agency) for designated 
pollutants, such as carbon monoxide and ozone. 

Non-industrial private: An ownership class of private lands where 
the owner does not operate wood processing plants. 

No. 1 Fuel oil: Very similar to kerosene (q.v.) and is used in burners 
where vaporization before burning is usually required and a 
clean flame is specified. 

No. 2 Fuel oil: Also called domestic heating oil; has properties simi-
lar to diesel fuel and heavy jet fuel; used in burners where com-
plete vaporization is not required before burning. 

No. 4 Fuel oil: A light industrial heating oil and is used where pre-
heating is not required for handling or burning; there are two 
grades of No. 4 fuel oil, differing in safety (flash point) and flow 
(viscosity) properties. 

No. 5 Fuel oil: A heavy industrial fuel oil that requires preheating 
before burning. 

No. 6 Fuel oil: A heavy fuel oil and is more commonly known 
as Bunker C oil when it is used to fuel ocean-going vessels; 
preheating is always required for burning this oil. 

O 
Oil: Crude oil or condensate. 
Oil from tar sand: Synthetic crude oil (q.v.). 



302 GLOSSARY 

Oil mining: Application of a mining method to the recovery of 
bitumen. 

OOIP (Oil originally in place or Original oil in place): The quan-
tity of petroleum existing in a reservoir before oil recovery oper-
ations begin. 

Open-loop biomass: Biomass that can be used to produce energy 
and bioproducts even though it was not grown specifically for 
this purpose; include agricultural livestock waste, residues 
from forest harvesting operations and crop harvesting. 

Operator: The individual, company, trust, or foundation respon-
sible for the exploration, development, and production of an oil 
or gas well or lease. 

Oxygenate: A substance which, when added to gasoline, increases 
the amount of oxygen in that gasoline blend; includes fuel etha-
nol, methanol, and methyl tertiary butyl ether (MTBE). 

P 

Particulate emissions: particles of a solid or liquid suspended in a 
gas, or the fine particles of carbonaceous soot and other organic 
molecules discharged into the air during combustion. 

Particulate: A small, discrete mass of solid or liquid matter that 
remains individually dispersed in gas or liquid emissions. 

Pay zone thickness: The depth of a tar sand deposit from which 
bitumen (or a product) can be recovered. 

Permeability: The ease of flow of the water through the rock. 
Petrol: A term commonly used in some countries for gasoline. 
Petrolatum: A semisolid product, ranging from white to yel-

low in color, produced during refining of residual stocks; see 
Petroleum jelly. 

Photosynthesis: Process by which chlorophyll-containing cells in 
green plants concert incident light to chemical energy, captur-
ing carbon dioxide in the form of carbohydrates. 

Pour point: The lowest temperature at which oil will pour or 
flow when it is chilled without disturbance under definite 
conditions. 

Present value of future revenues: The pretax present value of esti-
mated future revenues to be generated from the production of 
proved reserves, net of estimated production and future devel-
opment costs. Future net revenues are discounted to a present 
value of an annual discount rate whcih is typically 10%. 
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Primary oil recovery: Oil recovery utilising only naturally occur-
ring forces; recovery of crude oil from the reservoir using the 
inherent reservoir energy. 

Primary wood-using mill: A mill that converts round wood prod-
ucts into other wood products; common examples are sawmills 
that convert saw logs into lumber and pulp mills that convert 
pulpwood round wood into wood pulp. 

Process heat: Heat used in an industrial process rather than for 
space heating or other housekeeping purposes. 

Producer gas: Fuel gas high in carbon monoxide (CO) and hydro-
gen (H2), produced by burning a solid fuel with insufficient air 
or by passing a mixture of air and steam through a burning bed 
of solid fuel. 

Proved developed reserves: Reserves that can be expected to be 
recovered through existing wells with existing equipment 
and operating methods. Additional oil and gas expected to 
be obtained through the application of fluid injection or other 
improved recovery techniques for supplementing the natural 
forces and mechanisms of primary recovery can be included as 
"proved developed reserves" only after testing by a pilot proj-
ect, or after the operation of an installed program has confirmed 
through production response that increased recovery will be 
achieved. 

Proved reserves: The estimated quantities of crude oil, natural 
gas, and natural gas liquids which geological and engineering 
data demonstrate with reasonable certainty to be recoverable 
in future years from known reservoirs under existing economic 
and operating conditions, i.e., prices and costs as of the date 
the estimate is made; prices include consideration of changes in 
existing prices provided only by contractual arrangements, but 
not on escalations based upon future conditions. 

Proved undeveloped reserves: Reserves that are expected to be 
recovered from new wells on undrilled acreage, or from exist-
ing wells where a relatively major expenditure is required for 
recompletion; reserves on undrilled acreage are usually limited 
to those drilling units offsetting productive units that are rea-
sonably certain of production when drilled; proved reserves for 
other undrilled units can be claimed only where it can be dem-
onstrated with certainty that there is continuity of production 
from the existing productive formation; under no circumstances 



304 GLOSSARY 

are estimates for proved undeveloped reserves generally attrib-
uted to any acreage for which an application of fluid injection 
or other improved recovery technique is contemplated, unless 
such techniques have been proved effective by actual tests in 
the area and in the same reservoir. 

Pulpwood: Round wood, whole-tree chips, or wood residues that 
are used for the production of wood pulp. 

Pyrolysis: The thermal decomposition of biomass at high tempera-
tures (greater than 400°F, or 200°C) in the absence of air; the 
end product of pyrolysis is a mixture of solids (char), liquids 
(oxygenated oils), and gases (methane, carbon monoxide, and 
carbon dioxide) with proportions determined by operating 
temperature, pressure, oxygen content, and other conditions. 

Q 
Quad: One quadrillion Btu (1015 Btu) = 1.055 exajoules (EJ), or 

approximately 172 million barrels of oil equivalent. 
Quadrillion: 1 x 1015. 
Quench: the sudden cooling of hot material discharging from a 

thermal reactor. 

R 

Raw materials: Minerals extracted from the earth prior to any refin-
ing or treating. 

Recompletion: The completion for production of an existing well 
bore in another formation from that in which the well has been 
previously completed. 

Recovery boiler: A pulp mill boiler in which lignin and spent cook-
ing liquor (black liquor) is burned to generate steam. 

Refining: The processes by which petroleum is distilled and/or 
converted by application of a physical and chemical processes 
to form a variety of products are generated. 

Reformulated gasoline (RFG): Gasoline designed to mitigate smog 
production and to improve air quality by limiting the emission 
levels of certain chemical compounds such as benzene and 
other aromatic derivatives; often contains oxygenates (q.v.). 

Refractory lining: A lining, usually of ceramic, capable of resisting 
and maintaining high temperatures. 

Refuse-derived fuel (RDF): Fuel prepared from municipal solid 
waste; non-combustible materials such as rocks, glass, and 
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metals are removed, and the remaining combustible portion of 
the solid waste is chopped or shredded. 

Reserves: Proved reserves; well-identified resources that can be 
profitably extracted and utilized with existing technology. 

Residues: Bark and woody materials that are generated in primary 
wood-using mills when round wood products are converted to 
other products. 

Residual oil: Oil that cannot be recovered from a conventional oil 
reservoir after application of primary, secondary and enhanced 
oil recovery techniques. 

Residuum (pi. residua, also known as resid or resids): The non-
volatile portion of petroleum that remains as residue after 
refinery distillation; hence, atmospheric residuum, vacuum 
residuum. 

Resource: The total amount of a commodity (usually a mineral but 
can include non-minerals such as water and petroleum) that 
has been estimated to be ultimately available. 

Rock matrix: The granular structure of a rock or porous medium. 
Rotation: Period of years between establishment of a stand of tim-

ber and the time when it is considered ready for final harvest 
and regeneration. 

Round wood products: Logs and other round timber generated 
from harvesting trees for industrial or consumer use. 

Royalty: An interest in an oil and gas lease that gives the owner of 
the interest the right to receive a portion of the production from 
the leased acreage (or of the proceeds of the sale of production), 
but generally does not require the owner to pay any portion of 
the costs of drilling or operating the wells on the leased acre-
age; royalties may be either landowner's royalties, which are 
reserved by the owner of the leased acreage at the time the lease 
is granted, or overriding royalties, which are usually reserved 
by an owner of the leasehold in connection with a transfer to a 
subsequent owner. 

Run-of-the-river reservoirs: Reservoirs with a large rate of flow-
through compared to their volume. 

S 

Sand: A course granular mineral mainly comprising quartz grains 
that is derived from the chemical and physical weathering of 
rocks rich in quartz, notably sandstone and granite. 
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Sandstone: A sedimentary rock formed by compaction and cemen-
tation of sand grains; can be classified according to the mineral 
composition of the sand and cement. 

Saturated steam: Steam at boiling temperature for a given pressure. 
Secondary oil recovery: Application of energy (e.g., water flooding) 

to recovery of crude oil from a reservoir after the yield of crude 
oil from primary recovery diminishes. 

Secondary wood processing mills: A mill that uses primary wood 
products in the manufacture of finished wood products, such as 
cabinets, moldings, and furniture. 

Sedimentary: Formed by or from deposits of sediments, especially 
from sand grains or silts transported from their source and 
deposited in water, as sandstone and shale; or from calcareous 
remains of organisms, as limestone. 

Sedimentary strata: Typically consist of mixtures of clay, silt, sand, 
organic matter, and various minerals; formed by or from depos-
its of sediments, especially from sand grains or silts transported 
from their source and deposited in water, such as sandstone 
and shale; or from calcareous remains of organisms, such as 
limestone. 

Shut-in royalty: A payment stipulated in the oil lease, which roy-
alty owners receive in lieu of actual production, when a well 
is shut-in due to lack of a suitable market, a lack of facilities to 
produce the product, or other cases defined within the shut-in 
provisions contained in the oil and gas lease. 

Slime: A name used for petroleum in ancient texts. 
Sonic log: A type of acoustic log that displays travel time of P-waves 

versus depth; sonic logs are typically recorded by pulling a tool 
on a wireline up the wellbore; the tool emits a sound wave that 
travels from the source to the formation and back to a receiver. 

Specific gravity: The mass (or weight) of a unit volume of any sub-
stance at a specified temperature compared to the mass of an 
equal volume of pure water at a standard temperature. 

Stand (of trees): A tree community that possesses sufficient unifor-
mity in composition, constitution, age, spatial arrangement, or 
condition to be distinguishable from adjacent communities. 

Steam turbine: A device for converting energy of high-pressure 
steam (produced in a boiler) into mechanical power, which can 
then be used to generate electricity. 

Straight vegetable oil (SVO): Any vegetable oil that has not been 
optimized through the process of transesterification. 
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Strata: Layers including the solid iron-rich inner core, molten outer 
core, mantle, and crust of the earth. 

Superheated steam: Steam that is hotter than boiling temperature 
for a given pressure. 

Surfactant: A type of chemical, characterized as one that reduces 
interfacial resistance to mixing between oil and water or changes 
the degree to which water wets reservoir rock. 

Sustainable: An ecosystem condition in which biodiversity, 
renewability, and resource productivity are maintained over 
time. 

Synthetic crude oil (syncrude): A hydrocarbon product produced 
by the conversion of coal, oil shale, or tar sand bitumen that 
resembles conventional crude oil; can be refined in a petroleum 
refinery. 

Synthetic ethanol: Ethanol produced from ethylene, a petroleum 
by-product. 

T 
Tar sand (bituminous sand): A formation in which the bitumi-

nous material (bitumen) is found as a filling in veins and 
fissures in fractured rocks or impregnating relatively shal-
low sand, sandstone, and limestone strata; a sandstone res-
ervoir that is impregnated with a heavy, extremely viscous, 
black hydrocarbonaceous, petroleum-like material that can-
not be retrieved through a well by conventional or enhanced 
oil recovery techniques; (FE 76-4): The several rock types 
that contain an extremely viscous hydrocarbon which is not 
recoverable in its natural state by conventional oil well pro-
duction methods including currently used enhanced recovery 
techniques. 

Tertiary recovery: Enhanced recovery methods for the production 
of oil or gas; enhanced recovery of crude oil requires a means 
for displacing oil from the reservoir rock, modifying the prop-
erties of the fluids in the reservoir and/or the reservoir rock to 
cause movement of oil in an efficient manner, and providing the 
energy and drive mechanism to force its flow to a production 
well; chemicals or energy is injected as required for displace-
ment and for the control of flow rate and flow pattern in the 
reservoir, and a fluid drive is provided to force the oil toward a 
production well. 
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Thermochemical conversion: Use of heat to chemically change 
substances from one state to another, e.g. to make useful energy 
products. 

Timberland: Forest land that is producing or is capable of produc-
ing crops of industrial wood, and that is not withdrawn from 
timber utilization by statute or administrative regulation. 

Tipping fee: A fee for disposal of waste. 
Ton (short ton): 2,000 pounds. 
Tonne (Imperial ton, long ton, shipping ton): 2,240 pounds; 

equivalent to 1,000 kilograms or in crude oil terms about 
7.5 barrels of oil. 

Topping cycle: A cogeneration system in which electric power is 
produced first. The reject heat from power production is then 
used to produce useful process heat. 

Topping and back pressure turbines: Turbines which operate at 
exhaust pressure considerably higher than atmospheric (non-
condensing turbines); often multistage with relatively high 
efficiency. 

Transesterification: The chemical process in which an alcohol reacts 
with the triglycérides in vegetable oil or animal fats, separating 
the glycerin and producing biodiesel. 

Traveling grate: A type of furnace in which assembled links of 
grates are joined together in a perpetual belt arrangement. Fuel 
is fed in at one end and ash is discharged at the other. 

Trillion: 1 x 1012. 
Turbine: A machine for converting the heat energy in steam or high 

temperature gas into mechanical energy. In a turbine, a high 
velocity flow of steam or gas passes through successive rows of 
radial blades fastened to a central shaft. 

Turn down ratio: The lowest load at which a boiler will operate 
efficiently as compared to the boiler's maximum design load. 

U 

Ultimate recovery: The cumulative quantity of oil that will be 
recovered when revenues from further production no longer 
justify the costs of the additional production. 

Unconformity: A surface of erosion that separates younger strata 
from older rocks. 

Upgrading: The conversion of petroleum to value-added salable 
products. 



GLOSSARY 309 

V 
Vacuum distillation: A secondary distillation process which uses 

a partial vacuum to lower the boiling point of residues from 
primary distillation and extract further blending components. 

Viscosity: A measure of the ability of a liquid to flow or a measure 
of its resistance to flow; the force required to move a plane sur-
face of area 1 square meter over another parallel plane surface 1 
meter away at a rate of 1 meter per second when both surfaces 
are immersed in the fluid; the higher the viscosity, the slower 
the liquid flows. 

Volatile Organic Compounds (VOCs): Name given to light organic 
hydrocarbons which escape as vapor from fuel tanks or other 
sources, and during the filling of tanks. VOCs contribute to 
smog. 

Volumetric sweep: The fraction of the total reservoir volume within 
a flood pattern that is effectively contacted by injected fluids. 

VSP: Vertical seismic profiling, a method of conducting seismic 
surveys in the borehole for detailed subsurface information. 

W 
Waste streams: Unused solid or liquid by-products of a process. 
Waste vegetable oil (WVO): Grease from the nearest fryer which 

is filtered and used in modified diesel engines, or converted to 
biodiesel through the process of transesterification and used in 
any ol' diesel car. 

Water-cooled vibrating grate: A boiler grate made up of a tuyere 
grate surface mounted on a grid of water tubes interconnected 
with the boiler circulation system for positive cooling; the struc-
ture is supported by flexing plates allowing the grid and grate 
to move in a vibrating action; ash is automatically discharged. 

Watershed: The drainage basin contributing water, organic matter, 
dissolved nutrients, and sediments to a stream or lake. 

Watt: The common base unit of power in the metric system; one 
watt equals one joule per second, or the power developed in a 
circuit by a current of one ampere flowing through a potential 
difference of one volt. One Watt = 3.412 Btu/hr. 

Wellbore: The hole in the earth comprising a well. 
Well completion: The complete outfitting of an oil well for either 

oil production or fluid injection; also the technique used to 
control fluid communication with the reservoir. 
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Wellhead: That portion of an oil well above the surface of the 
ground. 

Wettability: The relative degree to which a fluid will spread on 
(or coat) a solid surface in the presence of other immiscible 
fluids. 

Wettability number: A measure of the degree to which a reservoir 
rock is water-wet or oil-wet, based on capillary pressure curves. 

Wettability reversal: The reversal of the preferred fluid wettability 
of a rock, e.g., from water-wet to oil-wet, or vice versa. 

Wheeling: The process of transferring electrical energy between 
buyer and seller by way of an intermediate utility or utilities. 

Whole-tree harvesting: A harvesting method in which the whole 
tree (above the stump) is removed. 

Working interest: An interest in an oil and gas lease that gives the 
owner of the interest the right to drill for and produce oil and 
gas on the leased acreage and requires the owner to pay a share 
of the costs of drilling and production operations; the share 
of production to which a working interest owner is entitled 
will always be smaller than the share of costs that the work-
ing interest owner is required to bear, with the balance of the 
production accruing to the owners of royalties; thus, the owner 
of a 100% working interest in a lease burdened by a landowner's 
royalty of 12.5% would be required to pay 100% of the costs of 
a well but would be entitled to retain 87.5% of the production. 

Workover: Operations on a producing well to restore or increase 
production. 

Y 
Yarding: The initial movement of logs from the point of felling to 

a central loading area or landing. 

Z 
Zeolite: a crystalline aluminosilicate used as a catalyst and having 

a particular chemical and physical structure. 
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Achnacarry Agreement, 146 
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Microbial, 43 
Water-washing, 43 

Alternative energy sources, 226 
Analysis of oil prices, 168 
Anatomy of crude oil prices, 65, 

172,227 
Outlook, 187 
Seasonal swings, 203 

Anatomy of gasoline 
prices, 175 

Anglo-Persian Oil Company, 141 
Anthracite, 253 
Anticline, 37 
API gravity, 44,104 
Aquifer, 75 
Arabian light crude oil, 186 
Aramco, 143 
Arctic National Wildlife Refuge, 174 
Asphalt, 4 

Medicinal use, 9 
Associated gas, 25 
Athabasca bitumen, 25 

Baku (Caucasus), 139 
Basement rock, 42 

Benchmark crude oil, 103,126, 
132,137 

Bergius process, 254 
Big oil companies, 15 
Biodegradation, 43; see Microbial 

alteration 
Biodiesel, 263 
Biofuels, 137, 247,248 
Biogenic formation of oil, 35 
Biomass, 260,262 
Bitumen, 4,22,26, 32,189; see 

Tar sand bitumen 
Combustion, 12 
Destructive distillation, 10 
Mastic, 9 
Medicinal purposes, 9 
Properties, 61,109 
Recovery, 86 
Reserves, 62 
Solvent extraction, 89 
Transportation, 96 

Bitumen mastic, 9 
Bitumen recovery, 86 

Mining methods, 86 
Non-mining methods, 88 

Bituminous coal, 253 
Bituminous mortar, 9 
BNOC, see British National Oil 

Corporation 
Bonnie light crude oil, 186 
Breakup of Standard Oil, 146 
Brent blend crude oil, 128,165 
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Brimstone, 12 
British National Oil 

Corporation, 143 
British Petroleum, 141 
Burning oils, 14 

Canadian production, 151 
Cap rock, 37,42 
Carbon-based resource, 3 
Casinghead gas, 25 
Casing pipe, 73 
Catagenesis, 35 
Catalytic cracking refinery, 207 
Category Cl reserves, 123 
Category C2 reserves, 123 
Category C3 reserves, 123 
Category Dl resources, 124 
Category D2 resources, 124 
Characterization factor, 110 
Chemical composition, 22,107,179 

Depth of burial, 44 
Variation, 36 

Chemical flood, 83 
Choke price, 153 
Christmas tree, 74 
Classification, 103 
Classification of reserves, 111 

Russian standards, 122 
Miscellaneous standards, 125 
SEC standards, 119,190 
SPE standards, 114,190 

Clean coal, 137 
Coal, 227,252 

Liquefaction, 254 
Liquid fuels from, 253 

Coalbed methane, 58 
Coal rank, 253 
Coking refinery, 180,207 
Cold Lake heavy oil, 25 
Colony Oil Shale project, 143 
Connally Act, 147 
Conversion processes, 208 
Consequences of peak oil, 190, 

227, 235 

Concession Syndicate, 140 
Contingent resources, 117,125 
Conventional petroleum, 21,56, 

216,245 
Properties, 61,97,108 

Cost of refining, 2 
Cracking refinery, 180,207 
Crude oil, see Petroleum 

Assay, 166 
Benchmarks, 103 
Classification, 103,105 
Definition, 135 
Distillation, 184 
Embargo, 142,162,200,223 
Emulsions, 92 
North Sea, 143 
Political cost, 154 
Price cycle, 169 
Price swings, 155,203 
Pricing strategies, 164 
Properties, 97,179 
Relative value, 130 
World War 1,141 
World War II, 142 

Crude oil classification, 105 
Chemical composition, 22,44,107 
Density and API gravity, 109 
Hydrocarbon resource, 107 
Pour point, 110 
Recovery method, 111 
UOP characterization factor, 110 
Viscosity, 109 

Crude oil classification, 105 
Crude oil classification and 

benchmarks, 103 
Crude oil composition, 3,22, 36, 

44,179 
Crude oil distillation, 184 
Crude oil market, 193,195 
Crude oil price system, 2 
Crude oil prices, 1,2, 72, 

137,145,147 
Dependency, 160,165,167,172 
Fluctuation, 223 
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Historical variation, 161,173,201 
Outlook, 187 
Seasonal swings, 203 
Spot market, 162,203 
Variation, 204 

Crude oil price trends, 65,145 
Outlook, 187 
Seasonal swings, 203 

Crude oil quality 
Deterioration of, 20,31 

Crude slate, 179,181,206, 208 
Cuneiform script, 4 

High-sulfur crude vs. low-sulfur 
crude, 2 

Current reserves, 50 
Cyclic steam injection, 84 

Deasphalting, 43 
Decline curve, 53 
Declining reserves, 226, 341 
Deep-water drilling, 222 
Definitions, 17,18,103 
Definitions and terminology, 17 
Degree of certainty, 18 
Degree of risk, 48,49 
Density and API gravity, 109 
Depletable resource, 50 
Depletable and renewable 

resources, 49 
Depletion, 18 
Destructive distillation, 10 
Desulfurization processes, 21 
Development of resources, 50 
Diesel fuel, 201 
Dilbit, 238 
Directional drilling, 73 
Dispersed has injection, 82 
Dissolved gas, 25 
Distillate fuel oil, 201 
Distillation, 12,14,184 
Distribution of fluids in the 

reservoir, 39,40 
Dome, 37 
Domestic production, 67 

Downstream price, 178 
Drill bit, 72 
Drill collars, 72 
Drilling, 70, 72 

Deep-water, 222 
Directional, 73 
Drilling rig, 71 
Horizontal, 73 
Preparing to drill, 70 
Ultra deep-water, 222 

Drilling mud, 72 
Drilling rig, 71 

Rotary, 72 
Druzhba pipeline, 151 
Dubai crude oil, 128,129 
Dubai-Oman blend, 165 

East Texas field, 147 
Economically recoverable 

resources, 125 
Economic definition of oil, 135 
Economic factors in oil 

supply, 223 
Economic principles, 225 
Economic turndown, 226 
Effect of refining capacity on oil 

prices, 178 
Effects and consequences of 

peak oil, 190,235 
Embargo, 142,162, 200,223 
Emulsions, 92 
Energy and the political costs 

of oil, 154 
Energy consumption, 20 
Energy cost, 154 
Energy independence, 264 
Energy security, 270 
Energy sources, 20 
Enhanced oil recovery, 76, 82, 221 
EOR, see Enhanced oil recovery 
Epic of Gilgamesh, 5,8 
Estimation of reserves in place, 52 
Ethanol from biomass, 263 
Evaluation, 51 
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Existing oil in place, 2,52 
Exploration potential, 51 
Exploration, recovery, and 

transportation, 65 
Exploration, 66 

Drilling, 70 
Geophysical methods, 

67,68 
Extra heavy oil, 26,107 

Fast pyrolysis, 264 
Finishing processes, 208 
First Gulf War, 162,170 
Fischer assay, 256 
Fischer-Tropsch process, 254 
Flash pyrolysis, 264 
Huid types, 50 
Formation of oil, 35 
Fossil fuels, 31 
Fractures, 38 
Fuel oil, 201 

Future sources of fuels, 248 
Future of oil, 245 

Gas cap, 25,75, 78 
Gas deasphalting, 43 
Gas flood, 81 
Gas hydrates, 58 
Gasoline markets, 176 
Gasoline prices, 175 

Factors, 203 
Gas-to-liquids, 189 
Geological timescale, 33 
Geophysical methods, 

67,68 
Geopolitical factors, 228 
Geothermal gradient, 43 
Giant oil fields, 22 
Gilgamesh, Epic of, 5,8 
Global energy demand, 137 
Global oil consumption, 

174,193,199 
Global resource base, 232 
Gravimeter, 68 

Gravity drive, 79 
Gravity segregation, 81 
Greek fire, 11 
Gulf War, 163,167,168,170 

Heavy oil, 22, 25,31,58,237 
Production, 60,189 
Reserves, 59 

Heavy crude oil, 127 
Heavy sour crude oil, 104,165,166 
Historical perspectives, 3 
Historical use, 3,6 
Historical variation in prices, 

161,173 
Historical variation of reserve 

estimates, 149 
History and terminology of 

crude oil, 1 
History of oil prices, 161 
Hit, 7 
Hot water extraction, 88 
Horizontal drilling, 73 
Hot water extraction process, 88 
Horizontal drilling, 249 
Horsehead pump, 80,81 
Hubert peak oil theory, 104,135, 

151,231 
Huff 'n' puff, 85 
Hurricane Katrina, 176 
Hurricane Rita, 177 
Hydrocarbon resource, 107 
Hydroskimming refinery, 180 

Impact of heavy oil and tar sand 
bitumen on peak oil, 
189, 237 

In place reserves, 52 
In situ combustion, 83,85 

Effect on crude oil properties, 99 
International Petroleum Exchange, 

see IPEX 
Interstitial water, 40 
Investment in oil sector, 224 
IPEX, 160 
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Iran-US nuclear tension, 168 
Iraq Petroleum Company, 146 

Jet fuel, 201 
John D. Rockefeller, 15 

Kerosene, 139 
Kupru, 8 

Lagash,8 
Landfill gas, 24 
Lend-Lease assistance, 142 
Lignite, 253 
Limestone reef, 38 
Light crude oil, 126 
Light sweet crude oil, 104, 

165,166 
Liquid fuels from coal, 253 
Liquids from biomass, 260 
Long-term production, 147 
Louisiana offshore oil port, 198 
Low API gravity crude, 196 

Magnetometer, 68 
Market Demand Act, 147 
Marsh gas, 24 
Materials balance method, 53 
Maturation, 42 

Thermal, 43 
Medicinal use, 9 
MEOR, 91 
Mergers, 210 
Microbial alteration, 43 
Microbial enhanced oil 

recovery, 91 
Middle East oil, 140 
Migration of reservoir fluids, 36, 

39,40,41 
Primary, 41 

Minas crude oil, 166 
Miscellaneous standards for 

reserve classification, 125 
Miscible fluid flood, 82 
Modern perspectives, 14 

Modified in situ extraction, 
85, 256 

Multilateral wells, 70 

Naft, see Naphtha 
Nafta, see Naphtha 
Naphtha, 11 
National oil companies, 16, 225 
National Recovery 

Administration, 229 
Natural gas, 23, 57 

Constituents, 23 
Reserves, 56, 58 
Transportation, 97 
Use, 24 

Natural gasoline, 78 
New evaluation technology, 51 
New York Mercantile Exchange, 

see NYMEX 
Nineveh, 8 
Non-conventional oil, 216,222 
Non-renewable resource, 2 
North Sea oil, 143 
NYMEX, 160,164,171,194, 240 

Occurrence, 19,32 
OECD, 200 
Offshore drilling, 222 
Offshore production, 222 
Oil companies 

Big, 15 
National, 16 
Ranking, 16,17 
Restructuring, 210 

Oil consumption 
Domestic, 200 
Factors affecting, 200 
Global, 174,193,199 

Oil crises, 230 
Oil from biomass, 260 
Oil in perspective, 138 
Oil in place, 2, 52,113 
Oil mining, 86 
Oil mobility, 50 
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Oil prices, 65,137,145,147,159 
Analysis, 168 
Anatomy of crude oil prices, 

66,172 
Anatomy of gasoline 

prices, 175 
Dependency, 160,165,167,172 
Effect of OPEC, 66,163,174 
Effect of refining capacity, 178 
Factors affecting, 227 
Fluctuation, 223 
History, 161 
Outlook, 187 
Seasonal swings, 203 
Strategies, 164 
Trends, 65 

Oil product pricing, 3 
Oil sand, see Tar sand 
Oil saturation, 50 
Oil shale, 216,248, 255 
Oil supply, 215, 227 

Economic factors, 223 
Geopolitical factors, 228 
Peak oil, 189,217,231,236 
Physical factors, 216 
Technological factors, 220 

OPEC, 66,143,144,164,174,188 
Formation, 230 
Quota rules, 218 
Producers, 151,163,218 
Reference Basket crude oil, 128, 

129,166 
Reserve estimates, 218,250 

Open pit mining, 239 
Organic sediments, 107 
Organization for Economic 

Cooperation and 
Development, 200 

Original oil in place, 113 
Origin and occurrence of oil, 31 
Overburden ratio, 62 
Over-production, 147,229 
Oxygenate fuels from 

biomass, 262 

Patterns of use, 151 
Peak oil, 119,189, 217,218,231,236 

Theory, 231 
Effects and consequences of 

peak oil, 235 
Impact of heavy oil and tar sand 

bitumen, 237 
Production, 136 

Pennsylvania Rock Oil 
Company, 14 

Permeability, 38 
Petroleum, 21; see Crude oil 

Alteration, 42 
Assay, 166 
Carbon-based resource, 3 
Classification, 105; see Crude oil 

classification 
Composition, 3,22,36, 44,179 
Conventional, 21,56,245 
Culture, 135,136,138 
Dependence on, 267 
Distillation, 12 
Energy from, 19 
Historical use, 3,5,138 
Liquid fuels from, 19 
Migration, 36,39,40,41 
Occurrence, 19, 32 
Patterns of use, 151 
Prices, 159 
Pricing strategies, 164 
Properties, 44,61,108,179 
Quality, 20, 31 
Word derivation, 3 

Petroleum accumulations, 38 
Petroleum Administration 

for Defense Districts 
(PADD), 199 

Petroleum culture, 135,136,138 
Petroleum economics, 159 
Petroleum imports, 57 
Petroleum price 

Dependency, 160,165,167,172 
Factors affecting, 227 
Historical variation, 161,173,201 
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Outlook, 187 
Spot market, 162 
Variation, 204 

Petroleum products, 3 
Petroleum seepage, 9 
Petroleum spirit, 13 
Petro-politics, 227 
Physical factors in oil supply, 216 
Pipeline transportation, 93,198 
Pitch Lake, see Trinidad 

Lake Asphalt 
Political cost of oil, 154 
Porosity, 38,50 
Possible reserves, 18,49,115 
Potential reserves, 115,219 
Pour point, 110 
Preparing to drill, 70 
Pressure depletion, 76,79 
Price and analysis, 168 
Price clustering, 171 
Price cycle, 169 
Price swings, 155 
Pricing strategies, 164 
Primary migration, 41 
Primary recovery (natural 

methods), 76, 77 

Recovery efficiency, 79 
Probable reserves, 18,48,114,115 
Product demand, 209 
Production quotas, 54 

Peak oil, 136 
Products and product quality, 97 
Product slate, 208 
Profitability, 211, 212 
Progressive depletion, 18 
Prospective resources, 118,125 
Protopetroleum, 35 
Proved developed reserves, 121 
Proved reserves, 18,114,120,121 
Proved undeveloped 

reserves, 121 
Proven reserves, see 

Proved reserves 
Proven developed reservoirs, 48 

Proven reservoirs, 47 
Proven undeveloped 

reservoirs, 48 

Ranking of oil companies, 16,17 
Recoverable reserves, 49,113 
Recovery, 75,216 

Enhanced oil recovery, 
76,82,221 

Factor, 53 
Primary recovery (natural 

methods), 76,77 
Secondary recovery, 76, 79 

Recovery factor, 53 
Recovery method of 

classification, 111 
Refined products, 211 
Refinery configuration, 181,206, 

207,208 
Catalytic cracking, 207 
Coking, 108, 207 
Cracking, 180 
Hydroskimming, 180 

Refinery crude slate, 179, 
181,206, 208 

Refinery economics, 184,211 
Investor constraints, 194 

Refinery placement, 197 
Refinery processes, 208 
Refinery types, 179,180,207 
Refinery utilization, 208 
Refining, 205 

Cost of, 2 
Economics, 104 
Desulfurization, 21 
Heavy feedstocks, 20 
High-sulfur crude, 2 
Sulfur removal, 20 

Refining and refinery 
economics, 184 

Refining and the markets, 205 
Refining capacity, 2,178 

US, 169,182 
World, 182 
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Relationship of petroleum 
composition and 
properties, 44 

Relative value of crude oil, 130 
Renewable resources, 49,226 
Reserve estimates, 148,250 

Historical variation, 149 
Reserve growth, 53 
Reserve index, static, 50 
Reserves, 55,216 

By country, 19, 54 
Classification of, 111, 116 
Cost benefit analysis, 69 
Current, 50 
Declining, 31, 226 
EIA estimates, 219 
Estimates, 148 
Heavy oil, 59, 237 
In place, 52 
Natural gas, 56,58 
Patterns of use, 151 
Possible, 18 
Probable, 18 
Proven, 18,46 
Proven undeveloped, 47 
Recoverable, 49 
Tar sand bitumen, 62 
Total, 49 
USGS estimates, 219 
Variation, 149 
World, 57 

Reservoir classification, 45 
Reservoir evaluation, 49,51 
Reservoir fluids 

Migration, 36, 39, 40,41 
Transformation, 35,42 

Reservist heterogeneity, 76 
Reservoir rock, 36 
Reservoir, 1,36 

Accumulation in, 38 
Anatomy, 75 
Cap rock, 37 
Classification, 45 
Definition, 45 

Distribution of fluids in, 39,40 
Estimation of reserves, 52 
Evaluation, 49, 51 
Existing oil in place, 2,52 
Giant, 22 
Heterogeneity, 76 
Proven, 47,48 
Reserves, 55 
Rock, 38 
Structure, 36 
Transformation of 

petroleum in, 42 
Unproven, 46 

Reservoir rock, 38 
Reservoir structure, 36 
Residual fuel oil, 201 
Residue gas, 25 
Residuum conversion, 207 
Resource endowment, 50 
Resources 

Development, 50 
Renewable, 49, 226 

Retrograde condensation, 78 
Rock asphalt, 26 
Rockefeller, John D., 15 
Rock oil, 3 
Rotary drilling rig, 72 
Rotary table, 72 
Royal Dutch Shell, 139 
Russian export blend, 131 
Russian production, 151,164 
Russian reserve 

classification, 122 

SAGD, 89,90, 241 
Salt intrusion, 37 
Sasol, 254 
Seagoing tankers, 94 

Types, 95,198 
Secondary biomass, 262 
Secondary recovery, 76, 79 

Recovery efficiency, 80 
Secondary wells, 70 
Second Gulf War, 167,168 
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SEC standards for reserve 
classification, 18,46,112, 
119,190 

Sedimentary rock, 36 
Sediments, 39 
Seepage, 9 
Seismic technology, 249 
Seismograph, 68 
Separation processes, 208 
Seven sisters, 145 

Share of oil production, 148 
Shale oil, 257 
Site survey, 70 
Slime, 6 
SoCal, 146 
Source bed, 41 
Sour gas, 25 
Specific gravity, 39, 44 
SPEreserve classification, 112,114, 

116,190 
Spot market, 162,203 
Standard Oil, 15,139 

Breakup, 146 
Static reserve index, 50 
Steam assisted gravity drainage, 

see SAGD 
Steam flood, 83 
Steam soak, 84 
Strata, 32 
Strategic Petroleum Reserve, 

93,144 
Strategies for oil pricing, 164 
Stratigraphie trap, 37 
Structural trap, 37 
Sub-bituminous coal, 253 
Subsoil resources law, 124 
Sucker-rod pump, see 

Horsehead pump 
Suez Canal, 142 
Supply-demand balance, 

104,227 
Surplus production capacity, 194 
Swamp gas, 24 
Sweet gas, 25 

Synbit, 238 
Synthetic crude oil, 96,240,241, 

see also Dilbit and Synbit 

Tankers, see Seagoing tankers 
Tank farm, 93 
Tapis crude oil, 166 
Tar sand, 216 

Composition, 87 
Definition, 111 
Mining, 86 
Non-mining methods, 88 
Production, 238 
Transportation, 96 

Tar sand bitumen, 22,26, 32, 59, 
189; see Bitumen 

Definition, 27, 111 
Hot water extraction, 88 
Overburden ration, 62 
Production, 238 
Properties, 61,109 
Recovery, 86 
Reserves, 62 
Solvent extraction, 89 

Tar sand mining, 86 
Technical expertise 

Lack of, 224 
Technological factors in 

oil supply, 220 
Terminology, 17,18 
Tertiary biomass, 262 
Tertiary oil recovery, see Enhanced 

oil recovery 
Thermal maturation, 43 
Thermophilic bacteria, see 

Thermophilic microbes 
Thermophilic microbes, 35 
Tigris-Euphrates 

valley, 4 
Timescale, geological, 33 
Tirusville, 138 
Topping refinery, 180, 207 
TORIS reservoir classification, 45 
Total reserves, 49,113 
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Transformation of petroleum in the 
reservoir, 42 

Transportation, 91,197 
Natural gas, 97 
Pipeline, 93,198 
Seagoing tankers, 94,198 

Traps, 37 
Trinidad Lake Asphalt, 10 
Tuttul, 7 

Ultimate recoverable resource, 118 
Ultra deep-water drilling, 222 
Unconventional resources, 

126,221,247 
Undiscovered oil, 234,249 
Undiscovered petroleum initially 

in place, 117 
UOP characterization factor, 110 
Upgrading facilities, 221 
Upstream price, 178 
US domestic production, 67 
US import dependency, 199 
US-Iran nuclear tension, 168 
USOETF,171 
US petroleum imports, 57 
US refining capacity, 182 

VAPEX, 90 
Viscosity, 109 

Variation with temperature, 84 

Water 
Interstitial, 40 

Water drive, 78 
Waterflood, 81 
Water-oil transition 

zone, 42 
Water-washing alteration, 43 
Well completion, 73 

Christmas tree, 74 
Wellhead crude oil, 92 
Wells 

Multilateral, 70 
Secondary, 70 

Western Hemisphere 
producers, 196 

West Texas intermediate (WTI) 
crude oil, 128,129,165 

Wet gas, 25 
Whipstock, 73 
Wildcatter, 138 
Wildcat well, 138 
World petroleum reserves, 

57, 219 
World production, 153 
World refining capacity, 182 
World War 1,141 
World War II, 142,230 
WTI ICE, 171 

Ziggurat, 4 
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