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Preface

Like the other books in this series (including my previous book
on energy), this is not a guide for the beginner in the strictest
sense. In this particular case a certain amount of basic scientific
understanding (above all reasonable numeracy) is essential. The
minimum entry-level for this book could be specified as an equiv~
alent of the North American high school education; a year or two
of univensity studies (no matter in what subject) would make for
an easier read — but, as always, it is not formal qualifications but
individual interest, inquisitiveness and willingness to learn that
matter most. From that point of view readers who could profit
from this book range from true beginners to people who know a
great deal about a specific segment of the vast oil-centered enter-
prise but who would like to learn more about other aspects of this
inherently interdisciplinary subject of scientific inquiry.

The book teems with numbers (I am sure too many for some
tastes) but I make no apologies for this: real understanding of
oil's origins, geology, exploration, extraction, <ransportation,
processing, use and linkages to society and the environment can
come only by appreciating the magnitudes of specific time spans,
depths, volumes, durations, rates, cumulative totals, concentra-
tions, prices, subsidies and costs that define and govern this vast
global endeavor. As for the multitude of technical terms, I have
tried to explain.them (however bricfly) whenever they are first
used. All units and their abbreviations are listed in appendix A,
and appendix B offers a dozen books for additional reading and
a small selection of highly informative websites.
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This is my twenty-fifth book, and writing mn was n&oﬁ._u_n.
but not particularly easy: for every interesting bit oﬂ Emo.nﬂwsw.“m
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k both the experts (who mig .

: umznnm they would have considered essential) 2.& the true
ME inners (who would have wished for more extensive nxw_ﬂ_”_vm

QMN_& to keep in mind the fundamental nomﬁ.....n.gos _.Emwﬂ.i ic
I had to labor. Finally, my thanks to Marsha Filion for giving Mn
nother opportunity to write (within the word count vocsr )
“&905 any bounds, and to Douglas Fast for preparing another

crisp set of appropriate images.

World of oil

If history is seen as a sequence of progressively more remarkable
energy conversions then oil, or more accurately a range of
liquids produced from it, has earned an incomparable place in
human evolution. Conversions of these liquids in internal
combustion engines have expanded human horizons through
new, and more affordable, means of personal and mass trans-
portation. Anybody with a car in a country with decent
highways can travel more than 1,000 km in the course of one
day (in Europe this could entail driving in four countries). Any
city with a runway long enough to accommodate large jets can
now be reached from any other city on the Earth in less than
twenty hours of flying time, and trips to Bali or Mauritius are no
more exotic than those to Birmingham or Munich. Liquid fuels
have created new landscapes of concrete and asphalt highways,
overpasses, parking lots, shopping megacenters and endless
urban sprawl.

Private cars also provide unprecedented acgess to choice.
They make it easy to buy imported foodstufs in a store at the
other end of a town or to drive, on the spur of the moment, to
a restaurant, symphony concert or a football game. They make
it possible to live far away from a place of work, to set one’s own
schedule during vacation drives, to spend free time far from
home by fishing or inside a garage installing monster engines and
wheels or minutely reconstructing vintage car models.

Liquid fuels, through the combination of fast ships and
massive eighteen-wheeler trucks, have brought us Chilean
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apricots and South African grapes in January and garlic and
ginger from China and the Philippines all year round. Liquid
fuels have also helped to rationalize productive processes ranging
from farming to retailing, changes that include such remarkable
organizational feats as just-in-time delivery of goods (large
assembly plants working without expensive part inventories) and
such profound macroeconomic changes as the runaway global-
ization of manufacturing where everything seems to be made
twelve time zones away.

Modern life now begins and ends amidst the plethora of
plastics whose synthesis began with feedstocks derived from oil
— because hospitals teem with them. Surgical gloves, flexible
tubing, catheters, IV containers, sterile packaging, trays, basins,
bed pans and rails, thermal blankets and lab ware: naturally, you
are not aware of these surroundings when a few hours or a few
days old, but most of us will become all too painfully aware of
them six, seven or eight decades later. And that recital was
limited only to common hospital items made of polyvinylchlo-
ride: countless other items fashioned from a huge variety of
plastics are in our cars, aeroplanes, trains, homes, offices and
factories.

But if the new oil-derived world has been quasi-miraculous,
enchanting and full of unprecedented opportunities, it has been
also one of dubious deals, nasty power plays, endless violence,
economic inequalities and environmental destruction. Ever since
its beginnings, the high stakes of the oil business have attracted
shady business deals (from J.D. Rockefeller’s Standard Oil to
Mikhail Khodorkovsky's Yukos) and begat some questionable
alliances (be it the US and Saudi Arabia or China and Sudan).

Oil ownership and the riches it provides have empowered
dictators {from Muammar a1-Qaddafi to Saddam Husain),
emboldened autocrats (Vladimir Putin and Hugo Chavez being
only the latest prominent examples), financed terrorists (includ-
ing much of al-qdida’s murderous activities), encouraged massive
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corruption (be it in Nigeria or Indonesia), promoted ostenta
awcmq excessive consumption (mastered by the legions of m»:n_m
princes as ‘io__ as by new Russian oligarchs) engendered
enormous income inequalities and done little . for al
freedoms and the status of women. peren
Many (perhaps too many) books about oil have looked t
%w«m economic, social and political linkages. 1 will begi %
v:nm.< examining oil in this context before going on to nw_zﬁoﬂ«
the .::J.:on&_n quotidian tasks of discovering waom:mma :
transporting, refining and marketing the requisite <.o_=5n of ow.
a mass that now amounts to 4 billion tons a year. Once appre i
wnna. .&8@ actions are no less fascinating than the world ow._u o_ml
ical oil intrigues, and only their cumulatively immense Fmoﬂaaﬁ

_..um.ﬂumon..:n_noz . .
the single most importa .
. nt source of prim
energy in our world. £ primary




Oil's benefits and
burdens

Dominant energies and associated prime movers have left deep,
and specific, imprints on society. The age of wood relied on
low-density biomass fuels that were not always actually rencw-
able as demand for heating and metal smelting led to often
extensive deforestation and overuse of crop residues. Small
mechanical prime movers powered by water and wind had a
marginal role as human and animal muscles energized most tasks,
The coal age introduced fuels that were more energy dense than
wood, were available in a highly concentrated manner and in
prodigious amounts from a relatively small number of mines,
and could economically energize steam engines. These were the
fist inexpensive mechanical prime movers that not only
replaced many stationary tasks that had previously been done by
animate power, but also turned old dreams of rapid land and
ocean travel into an inexpensive reality.

The introduction and diffusion of refined oil products marked
an even more important qualitative shift in modern energy
consumption. New fuels were superior to coal in every respect:
they had higher heat content, were easier and safer to produce,
cleaner and more convenient to burn and offered an incompa-
rable flexibility of final use.

Crude oil, or more accurately a variety of refined oil
products, has changed the very tempo of modern life. By allow-
ing the introduction of more efficient prime movers they
increased the productivity of modern economies and they




2 Oil: A Beginner's Guide

accelerated, as well as deepened, the process of economic global-
ization. Their extraction and sales have fundamentally changed
the economic fortunes of many countries, and .%Q have also
improved some aspects of environmental quality 3‘5 u&n_.na
immensely to private and public comfort. The E.:.EE__ price
paid for thesc benefits — the cost of finding crude oil, extracting
it, refining it and bringing the products to the market — has been,
risingly low. .
* .Mm_m_,nuﬂ“oi W_N the oil business and of the price for Q.E.mn.o__
paid by consumers are matters of rich aogan:S.Q and mSnmc.nu_
record and 1 will briefly recount some of their major events, shifts
and trends. But the prices that countrics and companies pay .mon
importing crude oil and the prices consumers pay when ﬁ:fsm
refined oil products (directly as automotive fuels and lubricants,
indirectly as fuels for public and freight transport and for energy
embedded in the production of virtually anything .mo_n_ today) tell
us little about the cost of finding and producing oil, and nrm.< are
obviously very different from the real cost ﬁ.r»_” modern societies
have paid for oil in terms of (what economusts so coyly .85 the
externalities of its extraction, transportation, processing and
combustion, as well for ensuring the security 0».. its supply. .
That is why in the closing section of this chapter a. will
describe some of the broader costs of oil’s benefits: the environ-
mental consequences of energizing modern economues s.anr
liquid fuels ranging from marine oil pollution to wro.,Sarn_.E.n&
smog and to the combustion of refined products as major
contributors of anthropogenic greenhouse gases; the economic,
political and social impacts of both owning, and so m,oncnjnrx
mismanaging, rich oil resources on the one hand m:n— of Go.Em
forced to buy them at what often amounts to extortionate prices
on the other; and the political, military and strategic designs,
calculations and decisions aimed at sccuring a mnow&w flow of
crude oil from the major producing regions and the wider reper-
cussions of these activities.
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What we have accomplished with oil

The beginnings of the oil era were not all that revolutionary:
they started with a single product limited to just one major
market as kerosene refined from crude oil became a major
illuminant during the late 1860s and the 1870s. But it was not
the only source of light, as city gas, made from coal, had been
making great inroads in urban areas and soon afterwards both
keroscne and gas were displaced by electricity. And neither the
lightest nor the heaviest liquid fractions of crude oil were of
much use in the carly decades of the oil industry: gasoline was
an inconvenient by-product of kerosene refining, too volatile
and too flammable to be used for household lighting or heating,
and there were no suitable small furnaces that could burn heavy
oil for space heating. At least oil-derived lubricants offered
cheaper and better alternatives to natural oils and waxes.

Only the invention of the internal combustion engines
(gasoline ones during the 1880s and the diesel engine during the
1890s) made oil’s lighter fractions potentially valuable but they
became indispensablc only two decades later, and then only in
North America, with the emergence of large-scale car owner-
ship and the diffusion of trucking (elsewhere the conversion
from railroad to highway transport and the rise of car ownership
began only after WWII). Less than two decades after the first
motorized vehicles came the use of gasolinc-powered recipro-
cating engines in flight and, within a generation akker this funda-
mental breakthrough, the emergence of commercial aviation
after WWI. During the 1950s this new business was revolution-
ized by the introduction of the gas turbine, a superior internal
combustion engine.

Refined fuels powering massive diesel engines also changed
both freight and passenger waterborne transport: all ships that
were previously fuelled by coal, from river barges to trans-
oceanic liners, and from fishing vessels to large container ships
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(whose introduction made marine shipping a key tool of global-
ization) have benefited from the cleaner, cheaper, faster, more
powerful and more rcliable manncr of propulsion. Small
gasoline-powered outboard engines created a new leisure activ-
ity in motorized boating. Freight and passcnger trains benefited
from diescl engines, as did numerous heavy-duty construction
and off-road vehicles.

Obviously, refined oil products have had their most far-
reaching impact in transportation and I will note the key techni-
cal milestones of these advances and describe the current fuel
requirements of these activities. The automobile was a European
invention and its beginnings go back to 1876 when Nikolaus
Otto (see figure 1) built the first four-stroke cycle engine
running on coal gas. The first light, high-speed, gasoline-
powered, single-cylinder vertical engine using Otto’s four-
stroke cycle was designed by Gottieb Daimler and Wilhelm
Maybach in 1885 and in the same year Karl Benz built the
world’s first motorized carriage powered by his slower horizon-
tal gasoline engine. After a complete redesign by Emile Levassor
in 1891 the standard car design was virtually complete by
the mid-1890s: the combination of four-stroke gasoline fuelled
engine, electrical ignition and a catburettor launched the
largest manufacturing industry in history whose expansion still
continues.

An entirely different mode of fuel ignition was patented by
Rudolf Diesel in 1892 (see figure 1). Fuel injected into the
cylinder of diesel engines is ignited spontancously by high
temperatures generated by compression ratios between 14-24, a
range twice as high as that of Otto’s engines. Diesel engines
work at a higher pressure and lower speed and are inherently
more efficient: their best performance can surpass 40%,
compared to just over 30% for the best Otto engines. Perhaps
the second most important advantage is that diesel fuel is also
cheaper than gasoline yet it is not dangerously flammable. Low
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Figure 1 Creators of the automobile 3 i i
. ge (clockwise): Nicol
Benz, Gottlieb Daimler and Rudolf Diesel, ) Nicolaus Oteo, Kar

-

m»:..::ucEQ makes diesel engines particularly suitable in any
setting where a fire could be an instant disaster (such as onboard
ships) as well as in the tropics where high temperatures will
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cause little evaporation from vehicle and ship tanks. And the
combination of high engine efficiency and low fuel volatility
mean that diesel-powered vehicles can go farther without
refuclling than equally sized gasoline engines. Additional
mechanical advantages include the diesel engine’s high torque,
its resistance to stalling when the speed drops, and its inherent
ruggedness.

But carly diesel engines were simply too heavy to be used in
automobiles and gasoline-fuelled machines were not an instant
success either: for more than a decade after Levassor’s redesign
(and also after Charles Duryea built the first American gasoline-
fuelled car in 1892) cars remained expensive, unreliable
machines bought by small numbers of privileged experimenters.
This changed only with Henry Ford's introduction of the
affordable and reliable Model T in 1908 and with the expansion
and perfection of mass production techniques after WWI.
Greater affordability combined with higher disposable incomes
alongside technical advances in car design and better automotive
fuels led to an inexorable rise in car use, first in the US, and then
after 1950 in Europe and Japan, and now throughout much of
continental Asia.

The combination of America's affluence and perfected mass
production gave the country a more than 90% share of the
world’s automotive fleet during the late 1930s, but the post-
WWII economic recovery in Europe and Japan began to lower
this share. In 1960, the US still had 60% of the world's passen-
ger cars, but by 1983 Europe matched the US total and the
continent is now the world’s largest market for new vehicles
while China became the fastest growing new car market during
the 1990s. In 2005 passenger car registrations surpassed 700

million (see figure 2) and there were also more than 200 million
trucks, buses and cars in commercial flects. Because the typical
performance of their engines remains rather inefficient their
claim on refined fuels remains high.

Oil's benefits and burdens
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Figure 2 Worldwide car ownership, 1900-2005.

. Any brief recital of the key economic, social and behavioral
impacts of global car use must include, on the positive side of the
ledger, 1:?08%:8& freedom of travel, expansion of individ-
ual r.o:N.oE‘ flexibility and convenience and the enormous
nom:ﬂ..vc.uo: to the prosperity of modemn economies where car
building is the single largest industry (in terms of added value)
and where activities associated with the ownership and drivin

of cars create a large share of gross domestic product. The gm
lead items on the negative side are a large death and injury toll
(worldwide, about 1.2 million deaths every year, and some
twenty million injuries to drivers, passengers and pedestrians)
and various environmental impacts. Traffic jams, now nearly
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GASOLINE CONSUMPTION BY CARS

The best practical efficiency of the four-stroke Otto cycle
engine used in gasoline-fuelled passenger cars is around 32%, but
engines in everyday use commonly achieve no more than 25%.
Frictional losses cut the overall efficiency by about 20%, partial
load factors (inevitable during the urban driving that makes up
most car travel time) reduce this by another 25%; accessory loss
and (increasingly common) automatic transmission may nearly
halve the remaining total so that the effective efficiency can be as
low as 7-8%. Besides, for most of their history cars have not been
designed to minimize gasoline consumption, and this has been
particularly the case in the world's most important car market:
America's preference for large cars, decades of low gasoline prices
and heavy Detroit designs resulted in declining performance of the
post-WWII US car fleet.

In 1974 specific gasoline consumption (expressed in Europe in
L7100 km) actually increased by about 15% in comparison with the
machines from the 1930s; the US uses a reverse measure of perfor-
mance, miles per gallon (mpg), and hence this rate declined
between the mid-1930s and 1974. Only OPEC's oil price increases
brought a rapid turnaround as new federal rules (known as CAFE,
Corporate Automotive Fuel Efficiency) specified gradually improv-
ing performance: the average was doubled in just twelve years,
from 13.5 mpg in 1974 to 27.5 mpg (8.6 L/100 km) by 1985.
Expanding imports of more efficient European and Japanese cars
further improved the overall performance. Unfortunately, the
collapse of high oil prices in 1985 and then the economic vigor of
the 1990s reversed this trend, as pick-ups, vans and SUVs (sport
utility vehicles: a monumental misnomer), all used primarily as
passenger cars yet all exempt from CAFE standards, gained nearly
half of the US car market and dragged average fleet efficiency
backwards.

specific performance of these excessively large and powerful
vehicles is mostly below 20 mpg {(above 11.8 L/100 km), some of
them weigh more than 4 t and need at least 15 L/100 km in
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GASOLINE CONSUMPTION BY CARS (cont.)

highway driving {in 2005 GMC’s Yukon and Chevrolet's Suburban
m:n._ Tahoe were in this monster category). Moreover, the declining
mﬂ_nmm:a\ has been accompanied by a steady increase in average
distance travelled per year: that rate barely moved between 1950
and 1975 (up by just 3% to 15,400 km/vehicle) but by 2005 it rose
5.. more than a quarter to reach nearly 20,000 km. High gasoline
prices in 2005 and 2006 led to a weak SUV market but one should
never underestimate the addiction of American drivers to these
monster machines.

Better alternatives are readily available: the bestselling Honda
Accord needs less than 6.5 L/100 km, the Honda Civic 5.7 /100 km
and the hybrid Honda Insight just 3.3 /100 km on a highway. .:_o.
resumption of the 1973-1985 CAFE rate of improvement would
:.m<m American cars averaging 40 mpg by 2015 and a more aggres-
sive adoption of hybrids could bring the rate to 50 mpg (4.7 L/100
km), halving current motor gasoline consumption and sending
global oil prices into retreat.

In 2005 gasoline accounted for about 25% of global refinery
output, a total of roughly 900 Mt. The US share of global gasoline
consumption was about 43% of the total: the country now
consumes more gasoline than the combined total for the EU
Japan, China and India. The EU, with a population about mo{..
larger than the US and with car ownership nearly as high as in the
US, consumed only about 13% of the world’s gasoline. The key
?nn.oa explaining this difference are a higher number of diesel
engines, smaller and more efficient gasoline-fuelled vehicles, and
average annual distance travelled by car being only about half of
the US mean. Japan consumed 5% of all gasoline, China nearly as
much (for a population ten times larger than that of Japan) and
India claimed just 1%. These comparisons indicate the enormous
vo."m_._mm_ demand for motor gasoline as car ownership increases in
Asia’s two mast populous economies. They also make it clear that
only a radical redesign of cars will be able to satisfy these
enormous markets,
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chronic in most large urban areas, loss of land (often .va::..
farmland) to highways and parking lots and the m.nmnacn_uo: of
traditional urban patterns are other common negatives. .
The diesel engine has changed the world no less nfu:..ﬁ
lighter but less efficient gasoline-powered counterpart. High
weight/power ratio had delayed the use of diesels in passenger
cars until after WWII but by the 1930s "rn« were well on their
way to dominate all applications where their r_mvan mass made
lictle difference, that is in shipping, on railways, in freight road
and in agriculture.
naﬂwﬂo Mnﬁo_.a é.m.a_z one out of every four cargo ships was
powered by diesel engines. Conversion to &nuw_ unnnwn_.naam
after 1950 and today about nine out of ten freight ships are
propelled by them, including the world’s _B.mnm" nn:ao. o._._
tankers and container vessels whose incessant traffic is the princi-
pal link between the producers and markets of the m_,.v_.v»_
manufacturing economy. The largest ships now have capacitics
in excess of 100,000 dwt and are able to carry more than m:oo,o
stacked containers at speeds approaching 50 km/h. O.on:v.:wm
Maschinenfabrik Augsburg-Niirenberg (MAN), Japan’s Mitsui
and South Korea’s Hyundai are the leading producers of large
marine diesels whose power continues to increase. .

Combustion of diesel oil has multiplied the energy efficiency
of railway transport as the replacement of nwu_..mnoa steam
locomotives by diesel engines boosted the typical conversion
efficiency from less than 10% to at least 35%. .—.—”E..r rail lines
everywhere are now either electrified or use diesel-powered
traction. . .

Diesels began to replace mamo_m:nnm:n:ma <n?m—om. in rmué
road transport in 1924 when the first n_:nn?_:._nnm_on diesel
engine was made and when MAN and Benz and .UB::Q (two
years before their merger) began to make diesel-powered
trucks. By the late 1930s most of the new trucks and buses
built in Europe were powered by diesel engines and after WWII
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this dominance was extended to every continent. Diesels also
power most of the heavy duty machines used in construction
and surface mining, a variety of off road vehicles (including
trucks used in seismic exploration for oil), as well as those
quintessential machines of modern land warfare, main battle
tanks (although the US Abrams M1/A1 is powered by a gas
turbine).

In 1926 Daimler Benz began to develop a diesel engine
for passenger cars; their first model, a heavy saloon car intro-
duced in 1936, became a favorite taxicab. Lighter, and also less
polluting diesel engines were developed after 1950: conse-
quently, the diesel engines in today’s passenger cars are only
slightly heavier than their gasoline-fuelled counterparts and they
meet strict air quality standards. Although passenger diesels are
still rare in North America, in Western Europe (with more
expensive gasoline) they now have about 45% of the new car
market.

A light gasoline-powered four-cylinder internal combustion
engine built by the Wright brothers also powered the first flights
of a heavier-than-air machine that took place at Kill Devil Hills,
North Carolina on 17 December 1903 after Wilbur and Orville
solved the key challenges of balance and control and proper
wing design by building a scries of experimental gliders. Military
planes powered by high-performance reciprocating engines saw
plenty of action during the closing years of WW1I ahd commer-
cial flight began during the early 1920s, less than two decades
after the Wrights’ pioneering lift-off, and by the late 1930s
multi-motor hydroplanes were crossing the Pacific in stages.
The performance of reciprocating aviation engines continued to
improve until the late 1940s but their limits were clear: they had
relatively high weight/power ratios, their reciprocating motion
subjected the aeroplanes to constant vibration, they could not
develop speeds in excess of 600 km/h and could not sustain
flight at high altitudes, above the often violent weather,
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Prospects for long-distance commercial aviation m?u:mo.n_
fundamentally with the invention of jet engines »ma A\:v nj._c:.
rapid adoption by airlines. Although the adjective is misleading,
because the machines can burn both liquid and gaseous fuels, the
proper technical name for jet engines is gas E_.Enw? They are,
much like the engines that power land vehicles, trains and u_.:_uu.
internal combustion engines but they differ from Otto and diesel
engines in three fundamental ways. In jet engines the compres-
sion of air precedes the addition of fuel in a noﬁvcmnon. the
combustion goes on continuously rather than wsnna::.o:&.. u:.a
the energy of the hot air flow is extracted by a En_u:._n that is
connected to the compressor by a shaft. Gas turbines first
compress the air (20-35 times above the atmospheric _Qﬁv u:.&
raise its temperature (to more than 500°C) before forcing it
through the combustion chamber where its temperature more
than doubles. Part of the energy of the hot gas rotates the turbine
and the rest generates forward thrust by exiting through the
exhaust nozzle.

Specific kerosene consumption A:m—s:& measured per
passenger-kilometer) has been steadily decreasing and the new

GAS TURBINES -Z.‘—"_.‘._ﬁ:._. :

The actual construction of the first viable jet engine prototypes
was a notable case of independent parallel invention as Frank
Whittle in the UK and Hans Joachim Pabst von Ohain in Germany
designed the first practical engines during the _mﬁ 1930s. <oq_
Ohain‘s version was first tested on 27 August 1939 in an experi-
mental Heinkel-178 and Whittle’s engine powered the mx_umz.do:-
tal Gloster on 15 May 1941. Improved versions of these engines
entered WWII service too late (in July 1944) to make any difference
to the outcome of the war.
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GAS TURBINES IN FLIGHT {cont.)

Most of the great innovative military jet engine designs ~ driven
by demands for ever higher speeds, altitudes and maneuverability
~ originated in the US and the USSR, but the British de Havilland
Comet, powered by four de Havilland Ghost engines, became the
first passenger jet to enter scheduled service, between London and
Johannesburg, on 5 May 1952.

At 640 km/h the Comet was twice as fast as the best commercial
propeller aeroplanes but it carried only thirty-six people and
its engines had a very low thrust making it prone to loss of
acceleration during takeoff. But these drawbacks were not the
reasons for the plane’s catastrophic end. After three ' Comets
disintegrated in the air between 1953 and 1954 all Comet
flights were suspended and the fatal accidents were traced
to the fatigue and subsequent rupture of the pressurized fuselage.
When a completely redesigned Comet 4 began flying in October
1958 two other turbojets were in regular service, the Soviet
Tupolev Tu-104 and the Boeing 707. The 707 was the first in a
long line of the most successful commercial jet aircraft that
includes the 737 (the bestselling jetliner in history) and the jumbo
747, the first wide-body jet (in scheduled service since January
1970). This enormous plane (maximum take-off weight of

nearly 400 t) was made possible by the development of turbofan
engines.

By changing the gas compression and adding extra fans ahead
of the compressor, two streams of exhaust gas are created - high
speed core exhaust which is enveloped by a volume of slower by-
pass air, this reduces noise and produces a higher thrust. While
turbojets reach their peak thrust at the very high speeds needed
for fighter planes, turbofans do so at low speeds, a great advan-
tage in making heavy planes airborne. The rapid post-1970 world-
wide expansion of commercial flying would have been impossible
without the very high reliability and relatively low fuel consump-
tion of turbofans.
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Boeing 787 (Dreamliner) will be about 15% more efficient than
its competitors. Still, the fuel consumption on long-distance flights
is high: for a trans-oceanic flight nearly 45% (about 175 ¢) of a
Boeing 747 is kerosene and at cruising altitude (typically 10-12
km above sea level) the aircraft’s four engines consume about
3.2 kg of the fuel every second. Aggregate statistics show that
during the last fifty years air travel had the highest growth rate
among all transportation modes. The annual total of passenger-
km flown globally by scheduled airlines surpassed 40 billion in
the early 1950s and after doubling (on the average) in less than
every six years it reached nearly 3 trillion in the year 2000 and
3.7 trillion in 2005 (see figure 3). At the same time, worldwide
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Figure 3 Exponential increase in total passenger-kilometers flown
annually by scheduled airlines, 1920-2005.
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air cargo services were just 200 million t-km in 1950 but by the
year 2005 they were more than 140 billion t-km, nearly 90% of
it on international routes. Aggregate fuel consumption in
commercial aviation is less than a quarter of the total claimed by
gasoline: in 2005 aviation kerosene was about 6% of total refin-
ery output, in the US it was about 8%.

Nearly two-thirds of the world’s refined products are
now used in transportation (roughly 1.8 Gt in 2005) and in the
US that share is now nearly 70%. The sector’s dependence on
liquid fuels is even higher: in the US neatly 98% of all energy
used in transportation comes from crude oil, and worldwide that
share is nearly 95%. Yet it can be argued that the most profound
transformation effected by liquid fuels was the massive, and in
affluent countries now pervasive, mechanization of agricultural
tasks, a grand transformation of the most important economic
activity that has been driven by a fundamental change of prime
movers.

All pre-industrial agricultures (regardless of their particular
organization or average productivity) were energized solely by
solar radiation whose photosynthetic conversion produced
food for people, feed for animals and organic wastes whose
recycling replenished soil fertility. But this renewability did not
translate into a reliable supply of food. Poor agronomic
practices, low yields and natural catastrophes brought recurrent
food shortages and higher yields required moge human and
animal labor.

All traditional agricultures were highly labor-intensive,
commonly employing in excess of 80% of all labor. Horse-
drawn machines (gang ploughs, binders, harvesters and
combines) gradually began to reduce this share during the
nineteenth century but the most precipitous drop came with the
adoption of tractors and self-propelled agricultural machinery.
US labor force in agriculture declined from nearly 40% in 1900
to less than 5% by 1970 and it is now only about 2%, and similar
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rates of decline have been recorded in all Western countries.
The four universal measures that revolutionized traditional
agriculture are the mechanization of field and crop w.-dno&mz.m
tasks energized by engines and motors; the use of inorganic
fertilizers, above all of synthetic nitrogen compounds; applica-
tions of agrochemicals to combat pests and weeds; and the
development of new high-yielding crop varieties.

As a result, modern farming has become dependent on large-
scale fossil fuel energy subsidies, most obviously in 85.5 of
liquid fuels for field, irrigation and crop processing Bun_:.on
but also as energy embedded in the synthesis of agrochemicals.
Productivity gains resulting from this transformation have ¢n.n=
stunning as yields rose (tripling for many common crops during
the twentieth century) and labor needs were cut. In 1900
American farmers needed an average of about three minutes
labor to produce 1 kg of wheat but by the year 2000 the aE.n
was down to just two seconds and the best producers now do it
in one second. The price of this progress is that, as Howard
Odum aptly put it, we are now eating potatoes partially made
of oil.

Agricultural mechanization was made possible above all by
the use of tractors, machines first introduced in significant
numbers in the US just before WWI. The power capacity of
gasoline-fuelled tractors surpassed that of US draft horses
before 1930, but in Europe the switch from animate to
machine power took place only after WWII and it relied
mostly on diesel engines that were introduced during the
1930s. Diesel engines also enabled the post-1950 shift to heavy
four-wheel drive machines in the US and Canada (where the
largest machines now rate about 300 kW) as well as the mowrwn
designs of heavy caterpillar machines. In contrast, >..£v 5
agricultural mechanization has relicd on small hand-guided
two-wheel tractors (both gasoline and diesel powered) appro-

priate for small rice fields.
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In 2005 the total number of tractors in low-income countries
(ust over 7 million) was only about a third of the global aggre-
gatc, while the US alone had a quarter of all tractors, and most
of the most powerful ones. Diesel engines arc also used in a
variety of harvesting machinery, including self-propelled
combines and cotton pickers. Stationary diesel engines of differ-
ent sizes are also used to generate electricity, either in locations
far from centralized clectrical supply or in emergency situations,
with the largest units as large as medium-sized steam turbines.
Smaller engines are used to provide mechanical energy for
refrigeration and crop processing. Given the magnitude of other
final markets, agriculture (with forestry) makes a relatively small
claim on refined products, amounting globally to less than 4% of
the total.

Fuel oil was the first convenient substitute for solid fuels (coal
and wood) whose combustion required repeated stoking and
close supervision. After they bought small, automatically-fed oil
furnaces millions of families, first in the US and Canada, later in

Japan and Europe, could enjoy, for the first time, untended heat
available at a flick of a switch or the setting of a thermostat. The
worldwide switch to natural gas has reduced the number of
families using fuel oil for space heating. In the US only about 8%
of houscholds (around 8 million, mostly in the Northeast) still
relied on fuel oil in 2005 (compared to nearly a third in 1972),
paying on the average about $0.15/L, or only about a fifth of
gasoline’s price. The small size of storage tanks means that
delivery trucks must refill them four or even five times during a
cold winter when high demand may force prices to spike.
Worldwide, about 12% of all refined fuels were consumed by the
residential and commercial sectors, overwhelmingly for heating,.

Besides supplying the most important liquid fuels of modern
civilization the process of crude oil refining is also a source of
key petrochemical feedstocks that are further processed into an
enormous variety of synthetic materials. Nearly 10% of all
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hydrocarbon liquids (roughly 350 Mt in 2005) are now used as
petrochemical feedstocks, with naphtha accounting for about
two-thirds of that total, followed by LPG.

PETROCHEMICAL FEEDSTOCKS AND PLASTICS.

There are two major kinds of these feedstocks, olefins (mainly
ethylene and propylene) and aromatics (mainly benzene, toluene
and xylene). Ethylene, produced by steam cracking of ethane or
naphtha, is the most important petrachemical feedstock: the EU
annually produces about 20 million tons, the US more than 30
million tons. Propylene is the second most important feedstock and
naphtha cracking also yields butadiene. Polymerization of basic
feedstocks produces the now ubiquitous thermoplastics that
account for about 80% of all man-made polymers. Thermoplastics
are made up of linear or branched molecules that are softened by
heating but harden again when cooled.

Polyethylene is the most important thermoplastic, most
commonly encountered as a thin but strong film made into bread,
garbage and grocery bags, while its common hidden uses range
from insulation of efectrical cables to artificial hip joints. The
material is also spun into fibers and blow-molded into rigid
containers for milk, detergents and motor oil, into gas tanks, pipes,
toys and a multitude of industrial components.

PVC (polyviny! chloride) is even more ubiquitous than polyethyl-
ene, found everywhere from buried pipes to credit cards, from
floor tiles to surgical gloves.

Polypropylene is found in fabrics, upholstery and carpets.
Propylene is also a starting material for such plastics as polycar-
bonates (in optical lenses, windows, rigid transparent covers and,
when metallized, in CDs) and polyester resins.

Benzene is used in the synthesis of styrene (as polystyrene in
packaging) and as a feedstock for a large number of other chemi-
cal reactions. Polyurethanes are a major end product of toluene
and xylene is used in making polyester, solvents and films.
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The second most voluminous non-fuel use of a refined petro-
leum product is paving with asphalt. Asphalting of roads and
sidewalks began sporadically in the US during the 1870s. New
York City switched from brick, granite, and wood block paving
to asphalt in 1896, and all of these early pavements were made
with natural asphalt from Trinidad or Venezucla. Post-WWI car
use increased demand for better pavings and the growth of the
no.mi:m industry supplied hot mix asphalt derived from crude
oil. The American experience, expanded after WWII with the
building of the interstate highways, has since been repeated in all
Western nations and massive road building is now underway in
China and in India.

Oo.bnnonn — a mixture of cement, water and aggregates — is the
most important paving material but asphalt is easier to maintain:
as long as the road foundations are sound the asphalt covering
can be stripped and recycled. Indeed, asphalt, not aluminum
cans or newspapers, is the most massively recycled material in
affluent countries. In the US about 80% of asphalt removed from
worn surfaces (more than 70 million tons a year) is reclaimed
and reused in new pavements. Refineries now produce nearly
120 million tons of asphalt a year, with (predictably) the US
being the largest producer (about 30 million tons a year). Asphalt

can also be used in roofing, industrial coatings, adhesives and in
batteries.

Oil business and oil prices

In the past, multinational oil companies were seen as prime
practitioners of secretive, collusive, price-fixing deals. Today,
when the pricing of oil is beyond their powers, they are still seen
as greedy and bloated with excessive profits. OPEC’s national
companics are viewed with even more distrust, subject to
uncnding references to how they are ‘having us all over a barrel’.
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But it does not matter if it is Exxon and BP or OPEC, all are
seen as gouging and profiteering yct at the same time, thanks to
the recent panic about the imminent peak of global oil output,
as unable to provide an adequate supply and hence technically
and managerially inept. The realities are more complex. During
the past forty years the oil business has been subject to a series of
major fluctuations, with ups and downs beyond anybody’s
predictive powers, with troughs so deep that entire oilfields
were shut down upon discovery and crests so high that surpluses
and net profits broke all records.

A lack of reliable information on remaining reserves, uncer-
tainty regarding the future revaluation of past discoveries, the
impossibility of predicting sudden shifts in demand, the inter-
vention of natural catastrophes, violent conflicts and political
shifts combine to produce a market ruled by perception, fear,
herd behavior, panic — and hence commonly by overreaction.
One year the headlines have the world drowning in oil, a few
years later they have it facing the end of the oil era. All
long-range forecasts of oil prices are thus irrelevant. OPEC’s
Oil Outlook to 2025, published in 2004 just before the
2005-2006 price spike, anticipated that oil prices would settle to
between $20-25/b, proving yet again the futility of even
short-term forecasts. Oil prices expressed in constant monies
(adjusted for inflation) show a century long decline prior to
1970, and another period of general decline or stagnation
between 1981 and 2003. The latest round of price fluctuations
brought spot prices (quoted at commodity exchanges for
immediate settlement) close to $80/b in August 2006, followed
by a rapid 40% decline (scc figure 4), that was followed by
yet another rise with daily highs above $80/b by September
2007.

Basic facts about the global oil business involve some very
large aggregates. In 2005 (assuming an average price of $50/b)
the global sales of crude oil were worth about $1.5 trillion. This
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was equal to about 2.5% of the world’s economic product wm
861 trillion and a bit less than that year’s GDP of ltaly or wn..n_r
but it was only marginally more than the annual global %n_.a__:m
on advertising, marketing and consulting magnnm.. OPEC’s net
oil export revenues reached about $470 billion in 2005 (and
about 8520 billion in 2006). QOil companies add a great anp_. of
value by transporting and refining crude oil and by marketing
the final products. Post-1973 oil price rises put the top Western
oil companies ahead of car. makers as the largest, and also some
of the most profitable, businesses around. . .

In 2006, five of the world’s ten largest companies were in the
oil business: Exxon (number 1, with revenues of about $340
billion and profits of $36 billion), Royal U:Rr.mra: (3), BP (4),
Chevron (6) and ConocoPhillips (10). Ooiv-ama revenucs of
these five companies reached nearly $1.3 trillion in 2005, and as
a group, the major oil companies were the most m_.omnuv_n uUs
businesses in 2005 and 2006. But a longer perspective tells a less
impressive story: during the last thirty years the profits of _B,mn
oil companies have been highly volatile, and when compared in
inflation-adjusted monies the combincd annual _unommn.m of C.m
majors remained below the 1977-1985 mean of $33 ._u_:_on _”5:_
the year 2000. Not surprisingly, in 1998 The Economist headlined
the oil industry as “The decade’s worst stocks.” Wo.no..m profits
between 2004 and 2006 swiftly erased those memories m.oB. the
public mind. At the same time it must be remembered that given
the high taxes imposed on refined products by Q.\mmnn_.: govern-
ments oil producers have actually made substantially less money
than have the state treasuries. .

Even in the US, where federal and state taxes on gasoline
amounted to ‘just” 19% of the average retail price (or to 80.58/L
in 2005) the aggregate gasoline tax rcvenue cngons. _o.\.q
and 2005 was twice as large as the total profits of the major oil
companies (§$1.4 trillion vs. about $700 billion). ms the EU
and Japan, where taxes are several times the US level the

iz
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government take has been much higher. And between 2000 and
2004 G7 countries collected about $1.6 trillion in taxes on liquid
fuels, compared to OPEC’s revenue of $1.3 trillion. Moreover,
recent profits and upbeat prospects cannot change the funda-
mental fact that the major oil companies are in a chronic retreat
that began with a wave of nationalizations during the 1970s. The
global oil business is now dominated by state-owned companies
and their role will only increase, as they control most of the

liquid oil reserves and the areas with considerable potential for
new discoveries.

_ NATIONAL OIL COMPANIES "~

These companies now control most of the world's oil reserves, and
hence most of today's, and future, production. In 2005 the four
largest ones - Saudi Aramco, National Iranian Oil Company (NICC),
iraq National Oil Company (INOC) and Kuwait Petroleum Company
(KPC) - held almost exactly half of all oil reserves. The next four -
Pétroleos de Venezuela, Abu Dhabi National Oil Company
(ADNOC), Libyan National Oil Company and Nigerian National
Petroleum Company (NNPC) - controlled an additional 15%. The
largest Western company, Exxon, placed twelfth (with about 1% of
all reserves), behind Russia’s Gazprom and Lukoil and Mexico's
Pemex. Three other multinationals squeezed into the first twenty:
BP at seventeenth, Chevron at nineteenth and French Total at
twentieth place. ~
National oil companies have differed greatly in terms of their ,

competence, performance and foresight. Norway's Statoil may be,
in many ways, a model state oil company with transparent opera-
tions and extensive investment in oil exploration and production,
but most of the state-run oil companies in modernizing countries
have been poorly managed and perform well below their poten-
tial. The largest one, Saudi Aramco headquartered in Dhahran on
the Gulf, has been the world’s largest oil producer since 1978 when
it completed its compensated nationalization of Aramco’s assets.
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NATIONAL OiL COMPANIES (cont)

The company has been run fairly smoothly but in a secretive
manner. .

Its 2005 Facts and Figures publication has {(incongruously) a'httle
girl in a pink dress running barefoot along a beac.h holding a
plastic pinwheel in her raised hand - but not a single flgt{re regard-
ing the company’s revenue (well in excess of $100 bl!|l0n a year
based on the sales of crude oil alone), or on its operating c_osts or
profits. This secretiveness has led to fears that al-Ghawar, the
world's largest oilfield, is nearing exhaustion and that the
company will not be able to maintain a comfortably. large
(1.5-2 Mbpd) spare capacity, charges repeatedly defued by
Aramco’s management. Indeed, an aggressive expan.sl.on and
investment program is now underway, aimed at _ratsmg the
production capacity (oil and NGL) from 11 Mbpd in 2006 to

d by 2009.

12'l"\r,:tt:pNatiyonal Iranian Oil Corporation controls about 10% of
global oil reserves but is managing a modern industry in a coun'try
whose laws now forbid any direct foreign equity or production
concessions. NIOC can thus only award contracts that guarante.e a
share of eventual production from a field developed with forelgn
investment. Companies from Malaysia, France, italy, Spalr} and
China have participated in these arrangements. Output fl.g|-1res
clearly indicate a lagging level of reservoir recovery, oilfield
upgrading and modernization: in 2005 Iran prc?duced about
4 Mbpd, 40% less than under the Shah during the mid-1970s when
Iran's oil flow peaked at 6.5 Mbpd.

A free market has not been one of the hallmarks of the 150

years of oil's commercial history. The oil business has been

marked by repeated efforts to fix product prices. bx coptrolhng
cither the level of crude oil extraction or by dominating its trans-
portation and processing, or by monopolizing all of these aspects.
The first infamous, and successful, attempt to do so was the
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establishment of Standard Oil in Cleveland in 1870. The
Rockefeller brothers (John D. and William) and their partners
used sccretive acquisitions and deals with railroad companies to
gain the control of oil markets first in Cleveland, then in the
Northeast, and eventually throughout the US. By 1904 the
Standard Oil Trust (established in 1882 to manage this rapidly
cxpanded empire, including many overseas holdings) controlled
Just over 90% of the country’s crude oil production and 85% of
all sales.

The trust was sued by the US government pursuant to the
Sherman Antitrust Act of 1890 but it wasn't until 1911 that the
order to dissolve it was upheld by the Supreme Court. The
dissolution produced more than thirty separate companies that
continued to use the Standard name and the names of the largest
of these are still prominent — after repeated mergers, reorganiza-
tions, acquisitions and name changes — among the world’s largest
publicly traded oil companies.

Standard of New Jersey became Esso, Standard of New York
(Socony) merged with Vacuum Oil Company and in 1966 it
was renamed Mobil. Esso was renamed Exxon in 1972 and in
1999 it combined with Mobil to form one of several double-
name oil companies, ExxonMobil. Standard Qil of California
(Socal) became Chevron in 1984 and in 2001 it merged with
Texaco to form ChevronTexaco (with the Texaco brand
remaining only outside North America). Standard of Ohio
(Sohio) was bought by BP (between 1984 and 1987) and
Standard of Indiana Amoco (rebranded as Amoco in 1973)
merged with BP in 1998 but the double name BPAmoco lasted
only until 2000 when BP also bought Atlantic Richfield
(ARCO). Atlantic and Continental Oil Company (Conoco) are
two other well-known names that came out of the breakup.

This longevity of major oil companies extends beyond the
Standard pedigree and beyond the US business. In the US, Gulf
Oil was established in 1890, Texaco was set up in 1901, Royal
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Dutch Shell was chartered in 1907, Anglo-Persian Oil Compar}y
(using the name British Petroleum since 1917) was set up in
1909. In 1928 the chairmen of Standard Oil’s three largest
successors, Esso, Socony and Socal and their counterparts frorfl
Royal Dutch Shell and Anglo-Persian met ir.x Scotland’s
Achnacarry Castle, essentially to divide the global oil mar}«:t and
to stabilize the price of crude oil. After this informal oligopoly
was joined by Gulf and Texaco it became widely known as t'he
Seven Sisters (le Sette Sorvelle, the name used first by an ltf\han
oilman Enrico Mattei). Their domination of the entire chan'l of
the global oil business, from exploration to gasoline mark.ctmg,
made it possible to set prices for the newly discovered oil t!mt
they began to produce after WWII in_ the hydrocarbon-rich
countries of Asia, Africa and Latin Amenca.

The dominance of major multinational oil companies bega.n
to weaken during the 1960s with the rise of OPEC and the{r
global importance was rapidly reduced to a small.share of their
former strength by a wave of nationalizations during the 1970s.
In 1960 the Seven Sisters produced more than 60% of the
world’s oil, by 1980 only about 28%, and by the year 2005 {(for
their merged descendants) it was less than 15%. N

OPEC was not the first price organization set up cxplnc{tly to
manage oil prices: it was modelled on the Texas .Rm]:oa.ld
Commission, a state agency that began to regulate rmlro;tds in
1891 and added responsibilities for the regulation of the oil and
gas industry in 1919. After the discovery of the East Texas F:eld
brought a precipitous fall in oil prices the commission was given
the right, in 1931, to control the state’s oil produf:tlon through
prorated quotas in the form of a monthly production allowan.ce
that set the permissible percentage of maximum output. With
Texas being the country’s largest oil producer' and the US
dominating global oil output (with Texas producing more th.an
half of the world’s crude) this right amounted to a very effective
cartel of worldwide importance run by an obscure state agency.
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In 1950 the US still produced about 53% of the world’s crude
oil, a higher share than OPEC has today, but matters began to
change radically during the 1950s.

Between 1950 and 1970 oil from new Middle Eastern
discoveries began to reach the global market and helped to
drive a worldwide economic expansion that proceeded at an
unprecedented annual rate of nearly 5%. During that period US
oil demand, relatively high to begin with, nearly tripled and as
post-WWII Western Europe and Japan began to convert from
coal to oil based economies their oil demand rose even faster so
that by 1970 the affluent countries were consuming four times
as much oil as they did in 1950. And the beginnings of industri-
alization in many low-income Asian and Latin American
countries further added to the rising global oil demand. But new
discoveries easily supported this rising demand and in 1960
major oil producing companies {led by the Seven Sisters)
reduced their posted crude oil prices, the fictitious valuations of
the extracted crude that were used for calculating the taxes and
royalties owed to the oil-rich nations whose resource the majors
were selling worldwide. In response to this move five oil-
producing states set up the Organization of Petroleum Exporting
Countries (OPEC) in Baghdad in 1960.

Saudi Arabia, Iraq, Kuwait, Iran and Venezuela were the
founding members of OPEC, Qatar joined in 1961, Libya and
Indonesia in 1962, Abu Dhabi in 1967, Algeria in 1969, Nigeria
in 1971, Ecuador in 1973 and Gabon in 1975 (the last two
countries left the group in, respectively, 1993 and 1996). Angola
became the twelfth member on 1 January 2007. In order to
protect their revenues the OPEC members agreed not to toler-
ate any further reductions of posted prices and income tax
became an excise tax. By the late 1960s continuing high demand
for oil began to create a seller’s market. In response to this Libya
increased both its posted oil price as well as the tax rate paid by
the foreign oil companies in September 1971. In February 1971,
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twenty-two leading oil companies accepted OPEC’s demand
(justified by a weaker dollar) for a new 55% tax ratc, an immedi-
ate increase in posted price and future price increases.

Even before this took place rising oil demand led the Texas
Railroad Commission to lift its limits on production in March
1971, an epoch-ending loss of price-controlling power to the
newly assertive OPEC. Concurrently, the prospect of higher oil
prices began a wave of nationalizations that continued for most
of the 1970s. Algeria nationalized 51% of French oil concessions
in February 1971, Libya began its nationalizing with BP
holdings in December 1971, Iraq took over all foreign conces-
sions in June 1972, OPEC approved a plan for 25% government
ownership of all foreign oil assets in Kuwait, Qatar, Abu Dhabi
and Saudi Arabia in October 1972, and in January 1973 Iran
announced that it would not renew its agreements with foreign
companies when they expired in 1979. Another important
change that opened the way to a new regime of global oil
pricing took place in April 1973 when the US government
cnded the limits on the import of crude oil east of the Rocky
Mountains that were set by President Eisenhower in 1959 as a
fixed percentage of domestic production. This decision brought
a rapid increase of US oil imports.

OPEC’s new posted price of $2.59/b at the beginning of 1973
rose by 16% to $3.01 by 1 October. On 6 October Egyptian
forces attacked the Israeli army along the Suez Canal, broke the
Bar Lev line and advanced into Sinai; Israel eventually beat back
the attack and went on an offensive deep into the Egyptian terri-
tory west of the Canal. On 16 October 1973 the six Arab Gulf
states raised posted prices by 17% to $3.65/b and three days later
OPEC’s Arab members embargoed all oil exports to the US until
Israel’s pullout from occupied Arab territories (a few days later
the embargo was extended to the Netherlands because
Rotterdam had Europe’s largest oil terminal and refineries). On
23 December 1973 the six Gulf states raised their posted price to
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811.65/b starting on 1 January 1974, a 4.5-fold rise compared to
January 1973. The embargo on imports to the US was
abandoned in March 1974 (it could not succeed as multinational
oil companies simply rerouted their tankers) and in June Saudi
Arabia raised its stake in Aramco to 60%.

OPECs first round of steep price increases was followed by a
few years of minor changes. In 1978 the price reached 812.93/b,
and the Saudi government acquired complete control of Aramco
and created the world’s largest national oil company (in 2005 it
produced about ten times as much oil as Exxon, the world’s
largest private operator). Effects of the quadrupling of the world
oil price between 1973 and 1974 (and quintupling, in nominal
terms, between 1973 and 1978) were rapid and far reaching. In
North America and Europe the sudden price rise and uncertain-
ties created by the embargo resulted initially in (a false) percep-
tion of a physical shortage of oil and led to long car queues at
filling stations, fuel rationing schemes and widespread fears of
being at the mercy of greedy OPEC countries in general and
unpredictable oil-rich Arab regimes in particular.

These fears soon subsided (there were no physical shortages of
fuels) but the serious econontic consequences of the large price
hike became clear as consumers and national economies, habit-
uated to decades of low (and in real terms falling) oil prices had
no choice but to pay five times as much for fuel. The full impact
on the US economy (in 1974 the US imported about 22% of its
crude oil demand) was delayed because of the crude oil price
controls that were imposed in August 1973 during President
Nixon’s second term. Consequently, the average inflation-
adjusted price of US gasoline in 1978 was still no higher than it
was a decade earlier, and the price of refined products rose to
levels unseen since WWII only after the controls were abolished
on 28 January 1981 when President Reagan came into office.

Japan (with all but 0.3% of its oil imported) and most
European countries (importing in excess of 90% of their oil

e i et
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needs) were much more vulnerable but they had one important
advantage: their overall energy use was already much more
efficient than in North America and the price shock only
intensified these efficiency efforts and led to a higher reliance on
other fuels and on nuclear electricity. Most remarkably, Japan’s
GDP, after falling by 0.5% in 1974, was up by 4% in 1975 even
as the country’s overall energy use fell by nearly 5%. OPEC’s
windfall was large: the total revenues of its member states tripled
between 1973 and 1978 but high inflation generated by quintu-
pled oil prices meant that between 1974 (after the initial hike)
and 1978 world oil prices actually fell in real terms.

But a second round of oil price rises was just about to begin.
Demonstrations against Shah Mohammed Reza Pahlavi began in
Tehran in January 1978, by the end of the summer Iran was
under military rule and by December its oil production fell
sharply. On 16 January 1979, when the Shah fled into exile,
OPEC’s oil price averaged $13.62/b; twelve months later, with
Ayatollah Khomeini back in Iran and with the US embassy
occupied by student radicals, the price nearly doubled to
$25.56/b. A year later (after Iraq invaded Iran in September) it
was $32.95/b. The peak was reached in March 1981 with the
average at $34.89/b, the best-quality crude oils selling on the
spot market for around $50/b, and experts widely predicting
prices of $100/b in just a few years.

Economies that had begun to recover from the first price hike
were hit again, and more seriously. In 1982 the US GDP fell by
2%, but the record high oil prices caused the greatest setbacks in
Asia, Africa and Latin America: their industries, transportation
and also urban cooking (using kerosene stoves) depended on oil
imports and high (and dollar denominated) prices were consum-
ing a rising share of their export earnings. But with the second
round of price rises OPEC clearly overplayed its hand. Unlike
the first time around, oil prices rose high enough to do three
things that greatly weakened OPEC’s dominance of the market.
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The resulting economic slowdown depressed the global fuel
demand: by 1983 it was 10% below the 1978 peak (and in the
US the cut was 21%); it reinforced the drive for higher energy
efficiency; and it led to vigorous oil and gas exploration
and development in non-OPEC countries. The results of this
combination were impressive. In 1978 non-OPEC oil produc-
ers (excluding the USSR) extracted 35% of the world'’s oil
but in 1983 their share rose to 45% while OPEC's share fell to
just 31%.

At first OPEC tried to keep the prices high, lowering the
marker rate to only $33.63 during 1982, but the oil glut
persisted and by early 1983 it had to cut it to $28.74/b. The end
came in August 1985 when the Saudis decided to stop acting as
the swing producer (repeatedly cutting their oil output to prop
up the falling prices) and linked their oil price to the spot market
values and at the beginning of 1986 doubled their extraction in
order to regain their lost market share. Oil prices fell to $20/b
by January 1986 and in eatly April they dipped below $10/b
before they temporarily stabilized at around $15/b. They
remained low for the remainder of the 1980s and even the Iraqi
invasion of Kuwait (on 2 August 1990) and the First Gulf War
(16 January—28 February 1991) produced only short-lived spikes
followed by a decade of prices that stayed mostly between
$15-20/b.

The weighted average of all export prices reached $23/b in
January 1997 but the drop in demand caused by a short but
severe Asian financial crisis depressed the price to just $9.41/b
by December 1998. Once again, low oil prices were being taken
for granted and, once again, energy demand began rising even
in those rich nations that were already by far the largest users,
and importers, of oil. During the 1990s energy consumption
rose by almost 15% in the USA, 17% in France, 19% in Australia
and, despite a stagnating economy, 24% in Japan. As a result,
OPEC'’s share of global oil output rose again to above 40%
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and oil prices rose to more than $25/b by the end of 1999 and
bricfly surpassed $30/b in September 2000. Prices fell again with
the onset of the worldwide economic recession in the wake of
the terrorist attack on the USA on 11 September 2001. Prices
stayed mostly between $20-25/b during the year 2002, spiked
above $30/b in carly 2003 and after a brief fall began to rise in
April 2003.

THE LATEST OIL PRICE SPIKE

During the latter half of 2003 the crude oil price rose once again to
the range of $25-30/b and during 2004 came close to, and briefly
above, $40/b. The rising trend continued in 2005 and for the first
eight months of 2006 until, in August 2006, the weighted mean of
all traded oil peaked at $71.45/b. Several developments combined
to produce this latest round of substantial il price rises.

Certainly the most important factor was the sudden increase in
demand, both by traditionally large Western oil importers and by
the rapidly expanding Chinese and Indian economies. During the
first three years of the twenty-first century annual demand incre-
ments were, respectively, just 0.7, 0.6 and 0.9 Mbpd, but in 2003
the rate jumped to nearly 1.4 Mbpd, in 2004 it doubled to almost
2.8 Mbpd and in 2005 it was still 1.1 Mbpd.

But the price rise was also driven by the fear that oil supply
shortages could be caused in the future by the unsettled situation
in Irag, and by concerns about terrorist attacks in general and
strikes on Saudi oilfields or oil terminals in particular. Moreover,
low stock market returns attracted speculative investments in oil
futures, and all of this while the media were disseminating stories
about an imminent peak of global oil production that was to
herald the painful end of modern civilization (see chapter 5).

But, contrary to the widespread expectation of deepening
supply shortages that were to bring a $100 barrel in a matter of
months, oil prices did what they have always done after a spike
that had no justification in physical shortages of the fuel: they
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THE LATEST OIL PRICE SPIKE

rapidly retreated from their highs. After reaching a peak in August
2006 (on 8 August OPEC’s reference basket of crude oils was valued
at $72.68/b) prices fell 15% within a month, another 14% by the
end of October, and had dropped to $55.97/b at the end of the
year. By January 11, 2007 they fell below $50/b, a third lower than
the record just five months before. This price retreat reflected a
weakening demand: preliminary figures showed global consump-
tion up by only 0.8 Mbpd in 2006, that is, returning to the incre-
ments that prevailed before the anomalous jump between
2001-2003. OPEC's official outlook for 2007 was for an increase of
no more than 1.25 Mbpd. Nevertheless, the average price of OPEC
oil began to rise again in January 2007 and by October it surpassed
$80/b, higher than in summer 2006.

Nobody is in control of oil prices — or else that entity would
have a peculiar taste for wild swings and a near-permanent lack
of stability (see figure 5). The key lessons from this high price
volatility and the global economic consequences of these unpre-
dictably excessive fluctuations have been widely ignored or
misinterpreted. In the first place, the price gyrations in general
and high post-1970 prices in particular have never reflected any
imminent or rapidly approaching physical shortage of oil, as the
resource remains abundant. A key reason for high price spikes
has been an artificial scarcity repeatedly created by OPEC that
has hardly rushed to supply the world: its production in 2004
was just 5% above the level it reached a quarter of a century ago,
in 1979, but given its low production costs (less than $5/b) it has
exacted enormous transfers of wealth, mostly from affluent
countries but recently from such populous modernizing nations
as China and India.

Unfortunately, there is little hope for any long-term stability
of oil prices, and not because the world is on the verge of
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Figure 5 Year-to-year changes of oil prices, shown here for twenty-five
years between 1981—2007, reveal virtually random shifts that are impossi-
ble to forecast.

drastically declining supplies of oil. The problem is that OPEC
has enough clout to try to set the price but not enough control
over the market to make it work beyond the short term.

The greatest challenge for OPEC is to keep the price below
the level that would lead to a substantial drop in demand for oil,
to increased hydrocarbon exploration in non-OPEC countries
and to government-subsidized investment towards alternative
energy sources. In its public pronouncements OPEC repeatedly
professes its commitment to a stable oil market and security
of supply, but its actions have often had the very opposite effect.
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At the same time it is true that OPEC is not a sole price
setter and that speculation on the three major international
petroleum exchanges (in New York, London and Singapore)
can exacerbate its actions, particularly during exaggerated
reactions to sudden shifts (recessions, suddenly booming
demand), catastrophic events (such as Hurricane Katrina that cut
the Gulf of Mexico production) or to the mere fear of them
(what if terrorists attack Ris Taniira, the world’s largest oil
terminal?).

Oil links and the real cost of oil

The world’s single most important source of fossil energy and its
truly worldwide extraction, transportation, processing and
combustion affect every realm of modem life. The performance
of all but the poorest economies, matters of both domestic and
international politics in both oil exporting and oil importing
countries, quality of life, a great deal of strategic thinking on the
part of major powers, particular military actions during times of
war and the state of the Earth’s environment — all of these are
demonstrably linked to oil, but virtually all of these linkages are
complex and often counterintuitive. Primary energies of fossil
fuels have been the necessary engines of modern economies but
their abundance alone is not enough to bring admirable
economic achievements and to guarantee an improving standard
of living.

Just before its demise the USSR was the world’s largest
producer of both crude oil and natural gas but the country’s
economy was a dismal underperformer and the average income
of Soviet citizens was a fraction of the French or German mean
although those two countries had to import virtually all of their
oil. Modernizing (an adjective 1 prefer to developing) oil-rich
nations in general, and OPEC nations in particular, provide
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OIL, HUMAN DEVELOPMENT, FREEDOM
AND CORRUPTION (cont.) . . |

Even more telling is the difference between the rank of the
average per capita GDP of a country and its HD! rank: positive
numbers identify the nations whose state of development is higher
than expected when judged solely by their GDP, negative numbers
apply when a nation’s HDI lags behind its GDP. In this respect, all
ail-rich Persian Gulf nations have been dismal underperformers:
not only do they have negative scores, but these score are the
highest worldwide, indicating that no other group of countries has
used its riches so unwisely (see figure 6).

And while national income inequality statistics are not available
either for Saudi Arabia or Kuwait, most of the oil-exporting
countries have a very high Gini index, the most commonly used
measure of economic inequality, with 0 signifying perfect income
equality and 100 total inequality. Iran's score is roughly 45,
Nigeria's and Venezuela's about 50, and Mexico’s 55, in contrast,
the top achievers, Japan and Norway, score 25.

Rankings by the political freedom index put five Persian Gulf oil
producers (Saudi Arabia, Iran, Iraq, UAE, Qatar, Oman) as well as
Libya and Algeria into the bottom, not free, category and Kuwait,
Nigeria and Venezuela into the lower ranks of the partly free group.
Another revealing set of comparisons concerns corruption.

- Transparency International’s Corruption Perception Index for the

year 2006 ranges from the cleanest Finland (9.6) to hopeless Haiti
(1.8). Nigeria, Venezuela and Indonesia are at near-Haiti levels of,
respectively, 2.2, 2.3 and 2.4. Russia joins this unenviable oil-rich
group with a corruption index of 2.5. Iran rated 2.7, while Saudi
Arabia and Mexico both scored 3.3 (see figure 6).

The evidence is clear: modernizing oil-rich countries in general,
and the Middle Eastern nations in particular, have not used their
considerable wealth to build truly more modern, more equitable
and less corrupt societies with a higher quality of life. In fact, the
opposite is true as they embody (to an exceptionally high degree)
many negatives that prevent real modernization of their societies.
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2005 Saudi Arabia had a budget surplus of $57 billion, more
than $2,000/capita for every one of its citizens. However, as the
just-noted international comparisons show, these fabulm.ls
earnings have not been translated into commensurate economic
and social advances.

And the oil-rich countries have not done particularly well
even in terms of gross economic growth: post-1960 data shows
that well-managed resource-poor countries performed better
(their economies growing up to two to three times faster) even
after adjusting for the initial per capita income. The lagging
performance of resource-rich countries became pronouncefi
only during the 1970s, after higher oil prices boosted thel.t
revenues. Pablo Pérez Alfonso, a founder of OPEC, spoke of oil
as a curse, bringing waste, corruption and excessive consump-
tion: three decades later his conclusion has been confirmed
and reconfirmed (with the exception of Norway) with every
oil-price spike. N .

And it does not get any better once we turn to politics, stabil-
ity of governments and civil institutions and Iong_—te'rm prospects
for security. There are only two non-Western oil-rich countries
(Qatar and United Arab Emirates) whose politics and stabfhty
are not matters of chronic concem and anxious speculam.)n.
Worries about Jong-term stability in most of OPEC’s countries,
and particularly in Saudi Arabia, Iran and Nigeria, have gener-
ated a vast speculative literature during the past quarter century
and more warnings and catastrophic scenarios are sure to come.
Perhaps the most useful fact to keep in mind is that most of d1e§e
writings are produced by people who understand neither Arabic

nor Farsi and whose knowledge of the culture steeped in Islam
is limited to repeating such often misunderstood terms as jihad
or fatwa.

Any assessment of the world’s pivotal oil producer must .tal.(e
into account the secretive nature of decision-making within
Saudi Arabia’s extensive ruling family and the complexity of the
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country’s traditions and its slowly unfolding reforms,
Unfortunately, we are most often offered caricatures rather than
revealing portraits of the country. Most notably, the Saudi royal
family is repeatedly portrayed as unstable, insecure and out of
touch and many have explicitly predicted its imminent (and
violent) demise when the corrupt and incompetent princes will
be swept away by religious zealots or by impatient reformers.

The analytical and interpretive task is no easier as far as Iranian
affairs are concerned. Outsiders have to reckon with the
complex dynamics of the now decades-long struggle for influ-
ence and power among fundamentalists, nationalist zealots
(recently emboldened by rising oil earnings and the US entan-
glement in Iraq) and more pragmatic leaders tacitly supported by
a large share of the country’s young (but tightly controlled)
population. The latest fashion has been to portray Iran as an
almost superpower-like actor whose expansive designs for a new
shi‘i-dominated Middle East will, at minimum, destabilize the
entire region and may even lead to a global conflict.

Matters do not get any better when attention turns to the
violence and extraordinary level of corruption and political
tension in Africa’s most populous state, Nigeria. Oil production
in the Niger Delta has been repeatedly disrupted by rebels
who blow up pipelines and oil terminals, and kidnap oil
workers and executives, even as a chronic discord between the
federal and state governments is being exacerbated by rising
income inequalities and by a radicalization of the Muslim North.
Some commentators see Nigeria’s current problems as the
precursors of an almost inevitable new civil war or protracted
anarchy.

And the litany of concerns does not end with these great oil
players. Algeria has been through a long and brutal civil war as
the secular government fought the fundamentalists and the
stability of its regime remains uncertain. And although Libya has
publicly forsaken its decades of erratic and violent ways
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(bombing a Pan Am flight in 1988, supporting terrorist
movements abroad, developing nuclear weapons) this did not
change its strongman regime and it remains uncertain how far
this new-found moderation will go. In Indonesia the major
worry is no longer pervasive corruption but the degree to
which this most populous Muslim nation will embrace a more
fundamentalist form of its faith. The rest of this section could be
filled with a recounting of recent concerns about Russia’s
authoritarian trends whose consequences have ranged from de
facto re-nationalization of oil companies to the suppression of the
independent media. '
QOil's impact on politics and policies is also ever-present 1n
affluent countries whose prosperity is underpinned by large-scale
oil imports, and its expressions range from questionable attitudes
toward oil-exporting nations to the use of oil imports as a reason

for not just advocating but heavily subsidizing some dubious .

alternative energy sources. Attitudes toward oil-producing
nations find their most extreme expressions as far as Middle
Eastern countries are concerned. Among the Western political
elites these feelings have ranged from kowtowing to unsavory
rulers and eagerly selling them arms all the way to calls for the
US to rethink (at minimum) its ties with what many commen-
tators see as terrorism-breeding, fundamentalist, treacherous and
family-ruled Saudi Arabia. Many politicians and activists see the
best long-term solution to cutting the addiction to oil imports
from the chronically unstable Middle East in developing alterna-
tive sources of liquid fuels.

During the late 1970s this led to a very expensive commit-
ment to a massive development of oil from the Rocky
Mountains oil shales (promptly aborted), and recently this quest
has led to an uncritical embrace of heavily subsidized and
environmentally unfriendly com-derived ethanol. From a purely
economic standpoint it is counterproductive to divert (always
limited) resources to endeavors that would produce a much
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more expensive substitute, especially as the chances of any
lasting embargo on oil exports from countries whose very
survival depends on them are highly unlikely (al-Qaddifi’s Libya
or Khomeini’s Iran have been equally faithful suppliers of oil to
the West as its supposedly great strategic ally, Saudi Arabia). But
after 9/11 it is not casy to dismiss the possibility of a major
production cut in a country hijacked by a Taliban-like govern-
ment. Saudi Arabia turned into a medieval style caliphate might

" OIL AS CASUS BELLI -

Oil's strategic role has been consistently overplayed by some
careless historians. The most notorious example of these exagger-
ated claims is that Japan attacked Pearl Harbor in 1941 because in
July 1940 President Roosevelt had terminated the licenses for
exports of aviation gasoline — the attack on the US was to clear the
way for the assault on South-East Asia with its Sumatran and
Burmese oilfields. But to see Japan’s aggression as an oil-driven
quest is to forget that the attack on Pearl Harbor was preceded
by nearly a decade of expansive Japanese militarism with its
1933 conquest of Manchuria and 1937 attack on China, actions
that had nothing to do with oil. And the quest for foreign oil was
obviously not a motivating factor behind WWI or in Hitler's serial
aggression that caused WWII, and it had no role in the genesis of
major post-WWII conflicts involving the two superpowers (the
Korean War, the French and then US war in Vietnam, the Soviet
occupation of Afghanistan) or in many cross-border wars (Sino-
Indian, Indo-Pakistani, Eritrean-Ethiopian and many others).

In contrast, indirect foreign interventions in Middle Eastern
countries (arms sales, military training, generous economic aid)
have aimed either at stabilizing or subverting governments in the
oil-rich region. Their most obvious manifestation during the Cold
War was the toppling of Mossadegh's government in Iran in 1953,
the sales {or simply transfers) of Soviet arms to Egypt, Syria, Libya -
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OIL AS CASUS BELLI (cont.)

and Iraq and the concurrent American arms shipments to Iran
(before 1979), Saudi Arabia and the Gulf states and the Western
support of Iraq during its long war with Iran {(1980-1988). And, of
course, the Gulf War (1991) and the US invasion of Iraq in 2003
have often been portrayed as purely oil wars.

Saddam Hussain’s occupation of Kuwait in August 1990 doubled
iraq’s crude oil reserves (to about 20% of the world total) and it
also directly threatened the nearby supergiant Saudi oilfields and
hence the survival of the monarchy that controls a quarter of the
world's oil reserves. The massive anti-Saddam coalition and half a
million troops engaged in operation Desert Storm in 1991 could
thus be seen as a perfect example of an oil-driven war. But other
concerns were also at play: Hussain's quest for nuclear weapons
with which the country could dominate and destabilize the entire
region and the risk of another Iragi-iranian or Arab-Israeli war.
And if the control of oil was the primary objective of the 1991 Gulf
War why then were the victorious armies not ordered to occupy at
least Iraq’s southern oil fields?

Similarly, more complex considerations were behind the
conquest of Iraq in March 2003: a decade-long refusal of the Iraqi
regime to comply with numerous UN resolutions, the traumatic
impact of 9/11 attacks on US foreign policy (leading to the shift
from the isolation of a hostile regime in Baghdad to the pre-
emption of a possible new attack). Above it all was the grand
strategic objective of eventually having an elected government in
a pivotal state in the Middle East that might serve as a powerful
and stabilizing political example in a very unsettled region and be
a mighty counterweight to any radicalizing tendencies. What many
commentators see simplistically as a clear-cut case of oil-driven war
has been anything but that. Besides, the cost of the first four years
of Iraq’s occupation, the parlous state of Iraq's oil infrastructure
and the country’s limited oil production added up to an enormous
financial liability for the US rather than to any enviable gain, oil or
otherwise.
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forsake half of all oil earnings, and given the trivial sums
involved in the new asymmetric warfare based on suicide
bombings (bin-Ladin boasted that the World Trade Center
attack cost al-qaida only $500,000) the anti-Westem jilid could
be financed in other ways (from émigré remittances to taxing
pilgrims to Mecca).

But there is no doubt about the importance of oil for modern
armies. WWI was still dominated by railways, horse-drawn
carriages and forced marches, but WWII was the first largely
mechanized conflict relying on massed trucks, tanks and planes.
Fuel demands rose afterwards with the development of better
armed and more powerful tanks and with the introduction of jet
aircraft. America’s 60-t M1/A1 Abrams battle tank consumes
kerosene at no less than 400 L/100 km (Mercedes S600 needs
15 L/100 km and Honda Civic 8 L/100 km). Kerosene require-
ments of supersonic combat aircraft are so high that no extended
mission can be flown without in-flight refuelling from tanker
planes. Not surprisingly, the US Department of Defense has by
far the highest oil consumption of all government agencies: in
2005 its demand accounted for 92% of all refined fuels bought
by the government. But, again, a caveat is in order: oil
supremacy is not a decisive factor in asymmetrical conflicts, a
reality amply demonstrated in Vietnam, by the suicide attacks of
11 September 2001 or by the relentless suicide bombings in
Baghdad.

Oil and the environment

Perhaps the most newsworthy environmental impacts of the oil
industry are the periodic accidents when giant tankers spill
large volumes of oil into the sea and onto beaches, resulting in
long-lasting pollution of beaches or rocky shores and the highly
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publicized mass mortalities of sca birds. Less noticeable is the
contamination of zooplankton and the persistent presence of oil
in anoxic sediments that has a long-term influence on benthic
invertebrates. The worst tanker accidents have been those of
Atlantic Express that spilled 287,000 t off Tobago in 1979 and
ABT Summer that relcased 260,000 t off Angola in 1991. Both
of these mishaps took place far offshore and hence they received
much less attention than the world’s third and fourth largest
record spills, Castillo de Belver that released 253,000 t of crude off
South Aftica’s Saldanha Bay in 1981, and Amoco Cadiz much of
whose cargo of 223,000 t of light crude ended up on the beaches
of Brittany in 1978.

By 2006 there were also six spills greater than 100,000 ¢, and
the studies of causes show that groundings, collisions and hull
failures have been (in that order) the main reasons for these
mishaps. The good news is that the frequency of both large and
small spills has been constantly declining since the 1970s and that
the aggregate quantity spilled annually in recent years has been
well below the amount of oil reaching the sea from natural
seeps. The bad news is that long-term studies of oil spill sites
have shown unexpected persistence of toxic sub-surface oil and
chronic sublethal exposure with lasting effects on wildlife. Much
of this new understanding was gained by follow-up studies of
the most notable North American tanker spill, that of Exxon
Valdez in Alaska’s Prince William Sound on 24 March 1989.
The grounded ship released only 37,000 t of oil but the spill
killed perhaps as many as 270,000 water birds and it left many
long-lasting effects on other biota.

Exxon paid about (1990) $2 billion on oil clean-up and
another billion to the state of Alaska, the costs of restoring waters
and (at least superficially) the rocky shores and beaches of Prince
William Sound were thus internalized to a degree unprece-
dented in previous oil spill accidents. In contrast, the Mexican
IXTOC 1 well in Bahia de Campeche spilled perhaps as much
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as 1.4 Mt in 1979-1980 without any penalties being paid by
Pemex. Fortunately, most of the almost routine, unreported
spills of crude oil or refined products are small-scale events that
do not overwhelm the natural processes of evaporation, emulsi-
fication, sinking, auto-oxidation and, most importantly, micro-
bial oxidation, that limit their impact on surface waters or
aquifers.

Most new tankers are built with double hulls, and only
double-hulled ships will be allowed in EU waters by 2010 and
in the US by 2015. What will not change are the flagging and
crewing of oil tankers. Most of the world’s tankers (and other
freight vessels) fly a flag of convenience which means that their
ownership and control has nothing to do with the country of
registration. Such registrations, now offered by nearly 30
countries (Liberia, Taiwan, Honduras, Belize, Panama, Mala
and Spain are the leading flag-of-convenience providers, but the
list also includes landlocked Bolivia and Mongolia) provide
cover for substandard practices and for evading legal responsibil-
ity for oil spills.

The Kuwaiti well fires of 1991 were perhaps the most promi-
nently reported environmental catastrophe involving the
combustion of crude oil. More than 700 oil and gas wells were
set ablaze (it took nine months to extinguish them) and because
the very small particles generated by oil combustion can stay
aloft for weeks they were carried far downwind: only ten days
after Iragi troops set fire to Kuwaiti oil wells in late February
1991 soot particles from these fires were identified in Hawaii. In
subsequent months solar radiation received at the ground was
reduced over an area that extended from Libya to Pakistan, and
from Yemen to Kazakhstan. But oil combustion has a much
more important environmental, and health, effect because of its
generation of the three key precursors of photochemical smog,
carbon monoxide, volatile organic carbohydrates (VOC) and
nitrogen oxides (NO ).
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Photochemical smog was first observed in Los Angeles in the
1940s and its origins were soon traced primarily to automotive
emissions. As car use progressed around the world all major
urban areas began to experience seasonal (Toronto or Paris) or
near-permanent (Bangkok, Cairo) levels of smog, whose effects
range from impaired health (eye irritation, lung problems) to
damage to materials, crops and coniferous trees. A recent
epidemiological study in California also demonstrated that the
lung function of children living within 500 m of a freeway was
seriously impaired and that this adverse effect (independent of
overall regional air quality) could result in important deficits
later in life.

Introduction of three-way catalytic converters (reducing
emissions of CO, VOC and NO,) helped to limit smog levels
but their use had to be preceded by production of unleaded fuels
in order to avoid the poisoning of the platinum catalyst. By that
time decades of leaded gasoline consumption had created high
levels of lead contamination in all urban areas with high traffic
density. Lead’s phase-out began in the US in 1975 and it was
completed by 1990. Methyl tertiary butyl ether (MTBE,
produced from isobutylene and methanol) became the most
common additive to boost octane rating and to prevent engine
knock, and starting in 1995 it made up as much as 15% of the
reformulated gasoline designed to limit air pollution. But
because MTBE is easily miscible with water and leaks had conta-
minated many water wells, a switch to ethanol began in 2003
and accelerated by 2006.

Combustion of refined fuels generates less CO, per unit of
released energy than does the combustion of coal, but in aggre-
gate they became the world’s largest source of carbon from
bumning fossil fuels in 1968 when they accounted for about
43% of the total. The share of carbon from liquid fuels rose to
nearly 50% by 1974 but during the late 1980s it was basically the
same as for coal combustion only to pull ahead once more
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during the 1990s: by 2000 liquid fuels contributed about 41% of
all carbon from fossil fuel combustion. Unlike solid fuels, whose
emissions now come, almost without exception, from stationary
sources (potentially controllable by the sequestration of CO,),
the bulk of the carbon emissions from liquid products comes
from the transportation sector and the only possible control is to
prevent their generation. Combustion of every litre of gasoline
releases about 2.3 kg of CO, and the rate for diesel fuel is
2.6 kg/L.

All of these economic, strategic, health and environmental
burdens should be considered in any serious attempts at finding
the real cost of oil — but these efforts are exceedingly compli-
cated because of the many assumptions, approximations and
uncertainties that are required to quantify externalities (What is
the cost of a smog-induced asthma attack?), to answer counter-
factual questions (How much would the US Department of
Defense save if the Middle East contained no oil, but was still
full of Muslim jikadis bent on attacking the US?), and to set the
analytical boundaries (Should the entire cost of urban sprawl be
charged to gasoline?).

Obviously, these challenges have no definite solutions and
hence the estimates of the real price of crude oil or gasoline can
end up with totals only somewhat higher than the prevailing
price or costs that are an order of magnitude above the current
price. An excellent example in the latter category is the study of
the real cost of US gasoline completed by the International
Center for Technology Assessment in 1998 when Americans
were paying just over $1/gallon. Inclusion of tax and program
subsidies to oil companies, protection (mainly military) subsidies,
environmental, health and social costs (ranging from air pollu-
tion to urban sprawl) and other outlays (from travel delays due
to road congestion to uncompensated damages due to car
accidents and subsidized parking) raised the real cost to between
$5.60 and $15.14/gallon.
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[ am very much in favor of more realistic cost estimates but
I must also note that these exercises have many methodological
problems and are inherently biased as they do not consider the
many benefits arising from the use of these subsidized fuels.
Different assumptions and non-uniform analytical boundaries
result in incompatible conclusions: do the US oil companies
enjoy unconscionable subsidies or are their benefits relatively
minor? Does the production and use of automobiles add up to a
net benefit or a net burden in modern economies? Ubiquitous
examples of unaccounted benefits range from lives saved by
rapid transfers of patients to hospitals by ambulances, time saved
by flying as opposed to taking trains, or better air quality
compared to bumning wood or coal. No single answer is possi-
ble but the key conclusion stands: prices paid for refined oil
products certainly do not reflect their real cost to society.

W

What oil is and how
it was formed

Most people are fairly familiar with at least one of the many
economic, social and political consequences of humanity’s
dependence on oil that were reviewed in the first chapter. In
contrast, most people know little or nothing aboutthe intricate
and complex origins of crude oil and about the actual composi-
tion of this valuable commodity that has such a central role in
our lives.

The generic term ‘oil” designates two very different kinds of
compounds that are liquid at ambient temperature and normal
atmospheric pressure. Crude oils (using the proper qualifying
adjective and a plural whose importance will be explained
shortly) that oil companies extract from the topmuost layer of the
Earth’s crust belong, together with other mineral substances
whose composition is dominated by hydrogen and carbon, to a
class of compounds called hydrocarbons: these can be gaseous
(natural gases), liquid, or solid (bitumens, tars). Oils that abound
in the biosphere and that form an important pirt of our diet (as
plant oils extracted from seeds and nuts) or enhance our drinks
and perfumes (delicate essential oils in herbs or the rinds of citrus
fruit) are not, despite their similar make-up, classed as hydrocar-
bons, while the reverse term, carbohydrates, is reserved for
organic molecules whose carbon and hydrogen atoms form
simple sugars (mono- and disaccharides) whose polymers yield
starches and cellulose, the biosphere’s most abundant organic
materials.
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Cycloalkanes (naphtenes in the oil industry) are the most
abundant compounds in crude oil (typically half of the weight),
and methylcyclopentane and methylcyclohexane are the two
most common cycloalkanes. These saturated hydrocarbons have
carbon atom:s joined in rings of five (cyclopentane) or six {cyclo-
hexane) atoms which tend to fuse into polycyclic molecules in
heavier fractions: bicyclic naphthenes are common in kerosene,
tetracyclic and pentacyclic compounds are present in lubricating
oil. Arenes (aromatics) are unsaturated, highly reactive liquids
named after the members with pleasant odors that share at least
one benzene ring to which are attached long, straight side
chains. Benzene is the first compound of this series and it is
present together with its alkyl derivatives (toluene, ethylbenzene
and xylenes). Polycyclic aromatics (naphthalenes, anthracenc
and phenanthrene) are most common in heavy oils and lubri-
cants and they make up less than 20% of crude oil mass.

Alkenes (olefins) are the most common hydrocarbons in
organic matter (present as oils in both plant and animal tissues,
but only their traces are found in some crude oils because they
are easily reduced to alkanes (in the presence of hydrogen) or to
thiols (in the presence of hydrogen sulfide) during the oil’s
formative period. However, they are produced in quantity
during crude oil refining and become major feedstocks in
synthetic chemistry. Crude oils also contain nonhydrocarbon
compounds (sometime subsumed into a category of asphaltics)
whose concentrations are highest in the residue that remains
after oil refining. Asphaltics make up less than 10% of crude oil
by weight and include compounds of sulfur (usually in sulfides

and thiols) and nitrogen (mostly in pyroles, indols and
pyridines).

No other hydrocarbons in oil are as structurally remarkable as
diamondoids, chair-like arrangement of their carbon atoms
produces diamond-like molecules that combine high volatility
(as high as that of kerosene) with a relatively very high melting
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is either bbi (for blue barrel) or b (I use the latter in this book). -
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!Joint (higher than that of tin). This extraordinary thermal stabil-
ity means that their concentrations increase with increasing
temperature and that their presence can be used to narrow down
tl_le maximum temperatures compatible with the generation of
oil hydrocarbons in source rocks and to estimate the degree of
oil destruction by natural cracking processes.

S'lllﬁll' (ultimately derived from sulfur bonds in proteins of
ancient organic matter) is the most common undesirable contam-
inant of crude oils because its combustion generates sulfur
dioxide, a leading precursor of acid rain. ‘Sour’ oils have more
than 2% of sulfur (which means that in residual oils and in asphalt
the levels are commonly above 5%), while ‘sweet’ crude oils have
less than 0.5%, with some of them (from Nigeria, Australia and
Indonesia) having less than 0.05% S. In addition to dominant
hydrocarbon homologues and nonhydrocarbon compounds some
c'rude oils also have relatively high (but in absolute terms only a
tiny fraction of 1%) traces of aluminum and heavy metals, includ-
ing chromium, copper, lead, nickel and vanadium.

© VOLUME AND DENSITY: BARRELS AND.-
. DEGREES OF ARL - i i

Differences in oil composition result in specific densities that range
. mostly between 0.8 and 0.9 grams per milliliter {(g/mL, or 860-900
' Ifg/m’) but whose extremes are about 0.74 and 1.04 g/mL, or as
light as a gasoline and slightly heavier than water. This means that
one b:arrel, the standard non-metric volume measure commonly
ufed in the oil industry, has no single mass equivalent. This -
. nineteenth-century container with the volume of 42 US galions (or -
. roughly 159 litres) was adopted by the US Bureau of the Census in
| 187_2 and it has since been used worldwide for both production
statistics and in evaluating oil resources; its common abbreviation
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Oil’s high energy density is perhaps the fuel’s most important
advantage when compared to coal but there are other notable
reasons why liquid fuels have been preferred to solids and why the
post-WWII global energy transition from coal to oil has
proceeded so rapidly. The already noted higher hydrogen/ carbon
ratio of crude oil means that combustion of refined products
generates 20-25% less carbon dioxide, the most important green-
house gas, per unit of energy than does coal. Although the sulfur
content of some crude oils is high, refined products contain much
less sulfur than coal and their combustion yields much less sulfur
dioxide, the gas most responsible for acidifying deposition (acid
rain). And, unlike the burning of coal, combustion of liquid fuels
produces only trace amounts of particulate matter.

Other obvious advantages are the ease of long-distance trans-
port: unlike coal, crude oil and refined products can be trans-
ported inexpensively, conveniently and very safely by pipelines;
and worldwide, very cheaply but with higher risks, by tankers.
Unlike coal, liquid fuels are also conveniently stored in large
above ground tanks, underground reservoirs or natural caverns
filled by pumping. And refined products have a wide range of
uses: they can heat homes and industries, generate electricity,
power all modes of land, water and air transportation; some oil
fractions also have important non-fuel uses as chemical
feedstocks and as lubricants and paving materials. Finally, crude
oil reaches the surface either because of naturally high reservoir
pressure or because of a mechanized artificial lift (mostly by
pumping) and its production does not require any dangerous
underground work; similarly, refining and distribution processes
are highly automated, limiting risky occupational exposures.

Origins of oil

Fossil fuels are organic mineraloids formed by accumulation,
burial and transformation of ancient dead biomass, the remnants

T
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of terrestrial and aquatic plants and heterotrophic organisms.
They are found in the Earth’s crust in all three forms of matter,
as solids (coals, peats), liquids (crude oils) and natural gases. As
already explained, plurals are needed to convey the considerable
heterogeneity of their chemical composition and physical
properties. All coals were formed through accumulation and
transformation of plant mass (phytomass), the product of
enzymatically mediated conversion of solar (radiant or electro-
magnetic) energy into chemical energy of new plant tissues.
These conversions took place in environments akin to today’s
peat swamp forests of South-East Asia. Often, exquisitely
preserved imprints of leaves and fossilized twigs, branches and
trunks offer abundant testimonies of this origin.

Photosynthetic conversion is ancient: organic carbon in
Archaean sediments puts the first prokaryotic photosynthesizers
3.8 billion years ago, but massive deposits of coal date only from
the time when high rates of photosynthesis by large terrestrial
plants left behind enormous deposits of dead organic matter. By
far the largest coal resources are of Palaeozoic origin (mostly
from the Carboniferous period), and most of the rest from the
middle and upper Mesozoic era (Jurassic and Cretaceous period)
and from the oldest Cenozoic era (from the Paleocene period).
Only the poor-quality lignites and peat are the products of the
Quaternary period whose oldest sediments were laid down less
than 1.8 millions years ago (see figure 8).

Oil’s origins are not as easy to trace as those of immobile coal
imprinted with visible plant signatures. Qil’s mobility means that
it is usually found in places where it was not formed and the
susceptibility of hydrocarbons to alteration by chemical and
physical means led to speculations that it originated from the
transformation of coal or by polymerization of gases from basal
rocks. There is no doubt that liquid and gaseous hydrocarbons
can be formed directly from their constituent atoms by inorganic
chemical reactions, specifically by polymerization of methane
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(mllllslix? ;'::::Il:eglore NO}ﬂblE life
Era Period present) milestones
Cenozolc
Quaternary Holocene Civilization
Pleistocene 1.8 Homo sapfens
Tertiary Pliocene 5.3 Australopithecus
Miocene 23.8 Ramapithecus
Oligocene 337 First elephants
Eocene 54.8 First horses
Paleocene 65 First primates
Mesozoic Cretaceous 144 Flowering plants
Jurassic 206 First birds
Triassic 248 First mammals
Paleozoic Permian 290 Reptiles
Carboniferous 354 Winged insects
Devonian 417 First sharks
Silurian 443 First bony fishes
Ordovician 490 First vertebrates
Cambrian 543 Trilobites
Proterozoic 2.500 Oxygen rises
Archean 3,800 Bacteria, archaea

All divistons according to the Geological Soclety of America.
Figure 8 Geological timescale.

precursors but the best isotopic evidence suggests these
abiogenic processes do not produce globally significant volumes
of crude oils.

Modern consensus among petroleum geologists and
geochemists is that oils of inorganic origin are commercially
unimportant and that crude oils are derived from dead biomass,
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from organic compounds formed mostly by monocellular
phytoplankton (dominated by cyanobacteria and diatoms) and
zooplankton (above all by formaminifera) as well by higher
aquatic plants (algae), invertebrates and fish. In addition, terres-
trial organic matter, carried by rivers into the ocean, has also
been an important contributor of sedimented biomass and many
oil formations had their origin in rich lake (lacustrine) environ-
ments. Only a small fraction of oil was formed directly by
accumulation of biogenic hydrocarbons and their subsequent
transformations.

The same hydrocarbons that make up crude oil — alkanes,
cycloalkanes and arenes — are present in plants, albeit only in
trace quantities and in a very limited variety. Remarkably, plant
alkanes have only odd numbers of carbon (15-21 for oceanic
species, 25-37 for land plants) in their chains. This oddity is
retained in immature source rocks but in crude oils, after the
plant hydrocarbon chains were randomly broken up, the odd
and even carbon molecules are equal. Terpenes — polymers of
isoprene — are another important group of plant hydrocarbons
that are commonly encountered as resins (especially in conifers),
essentials oils (limonene responsible for citrus scent) and other
important compounds, including retinol (vitamin A), and
lycopene in tomatoes and carotenes. Some compounds derived
from terpenes are considered important biomarkers in crude oil.

Oil appears to be derived mostly from non-hydrocarbon
organic molecules that underwent microbial metabolism (bacte-
tiogenesis) and, above all, prolonged thermal decomposition
(thermogenesis) after burial in sediments. A recent discovery
attests to the ancient origins of this process: abundant nodules
of bitumen (dark, inflammable organic matter) and residues of
asphaltic pyrobitumen were identified in the black shales of
Australia’s Pilbara craton, one of the world’s least disturbed
granite-greenstone rocks that contain some of the oldest known
shales. Their presence indicates that crude oil was generated
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from organic matter in marine sediments as early as 3.2 billion
years ago.

Most of the non-hydrocarbon organic compounds belong to
one of the three large categories, carbohydrates (with cellulose,
a polymer of the simplest sugar, glucose, being the dominant
compound in plants), proteins (forming animal and human
muscles) and lipids (fats) composed of fatty acids and glycerol.
Organisms also contain such metabolic pigments as chlorophyll
(responsible for the green color of bacteria, algae and plants)
and hemin (in animals); their porphyrin rings (iron centers) are
retained in crude oil in nickel and vanmadium porphyrin
complexes that were formed by reactions with haemoglobin and
chlorophyll, and they are considered important markers of oil’s
biogenic origins. The presence of some identical hydrocarbons
in plants and crude oils, structural similarities between plant and
animal lipids and oil hydrocarbons and the occurrence of
biomarkers confirm oil’s organic origins. Many oils also contain
fossil spores and pollen.

Most of the world’s oil comes not just from sedimentary rocks
that were permeated by organic matter but from geological eras
known to have exceptionally high photosynthetic productivity,
and measurable quantities of oil-like liquid hydrocarbons have
been found in a variety of recent marine sediments indicating the
continuity of biogenic oil formation. Another notable property
arises from the preferential carbon isotope fractionation during
photosynthesis: in oil the ratio of two stable isotopes,">C and the
dominant 2C resembles that of plants (photosynthesis preferen-
tially selects the lighter isotope) and not that of carbonate rocks.
And the common presence of nitrogen compounds in crude oils
is best explained by their organic pedigree: the element is a criti-
cal constituent of amino acids that make up proteins.

Organic matter is transformed into oil by a long, sequential
process that starts with accumulation of biomass in sedimentary
(marine or lacustrine) environments. Initial microbial aerobic
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degradation returns a significant part of the sediment carbon to
the atmosphere as carbon dioxide. Subsequent anaerobic
fermentation by methanogenic and sulfate-reducing bacteria
releases methane and hydrogen sulfide. Eventual bural of
organic matter in anoxic muds leads to the formation of longer-
chained compounds and to the generation of kerogens, complex
insoluble mixtures of large organic molecules. The kerogen
formed mostly from lipids of both marine and terrestrial origins,
with H/C ratio <1.25, produces most of the commercially
exploited mixtures of crude oil and natural gas.

Kerogen in source rocks (usually shales or limestones) may be
as much as 10% of organic matter by weight but contents of
1-2% are typical. The latter suffices to label the rock as a poten-
tial candidate for oil generation. With progressive burial of
kerogens comes a rise in temperature (the Earth’s normal
temperature gradient is 25-30°C/km but in many tectonically
active regions the rate is much higher) and pressure, and the
accumulated organic matter is eventually subjected to thermal
degradation (cracking). This process, akin to the production of
lighter fuels from heavier fractions in refineries (see chapter 4),
breaks up longer-chained molecules and produces lighter
compounds. Kerogens change to solid (or almost solid) black or
brown macromolecular bitumen whose unmistakable odor
betrays its main constituents, heavy hydrocarbons including
asphalt and waxes, and the cleavage of bitumen bonds yields
complex mixtures of light and heavy hydrocarbon molecules.

Geochemists divide the formation of hydrocarbons from a
source rock into three main temperature-dependent stages.
Diagenesis (transformation of sediments into sedimentary rocks)
is limited to physical and chemical changes that begin at
relatively low temperatures of 50-60°C and at depths below 1
km. Catagenesis is the principal process of thermal alteration
(cracking) and it is at its most effective within the so called oil
window between 65°C and 150°C, with the ratio of gas/oil
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formation increasing as the temperature rises with most of oil’s
complex constituents produced at temperatures between 80°C
and 120°C. Metamorphic processes are thermal alterations in
environments hotter than 200°C. The oil window can also be
defined in terms of depth: where the thermal gradient is high
(> 5°C) the minimum overburden can be less than 1 km, in
formations with low thermal gradient the oil window may
extend to below 8 km, with optimum oil-producing conditions
between about 2.2 and 4.5 km.

Source rocks exposed only to lower temperatures are consid-
ered to be immature, those processed extensively at tempera-
tures above 200°C are overmature, crude oil constituents
become unstable and dry gas (that is basically pure methane) is
the principal product. The rate of oil gencration is also affected
by the pressure and the presence of heat-tolerant or outright
thermophilic bacteria. Hydrogen and oxygen derived from
water and surrounding minerals also participate in these trans-
formations, as do catalytically active transition metals. Some
hydrocarbon reservoirs yield only negligible volumes of gases
while at the other extreme (where the processing temperatures
approached the upper range of the windowy) there is only natural
gas and during the decades preceding its common commercial
use drillers were disappointed to find it and vented or flared
nearly all of it.

Most of the oil formed during the past half a billion years was
degraded by thermophilic bacteria resident in oil reservoirs and
active in temperatures up to about 80°C. These microbes,
metabolizing very slowly and acting on geological timescales of
millions of years, are able to destroy many of oil’s components
and produce much denser heavy oils. These biodegraded oils,
rather than the Middle Eastern deposits of hydrocarbon liquids,
dominate the world's resources and their largest concentrations
are in shallow reservoirs situated on the eastern flank of the
American Cordillera. These foreland basins — Western Canada
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basin in Alberta and Saskatchewan with its heavy oils and tars,
and the Eastern Venezuelan basin (the Orinoco tar belt) ~ are the
world’s largest petroleum accumulations, each containing in the
order of 1 Tb of oil (see chapter 5 regarding their exploitation).

Qil generation is clearly a multifactorial and highly protracted
process. While the best environment for the formation of crude
oils was in the areas that combined generally high photosyn-
thetic productivity with high rates of undisturbed accumulation
(deposition) even such ideal conditions would only rarely
produce a single massive layer of source rocks because the
periods of enhanced photosynthesis (supported by an elevated
influx of nutrients) alternated with times of slower growth.
Subsequent burial may have been too slow, leading to large
aerobic oxidation of the accumulated biomass, and thermal
processing could be inadequate or excessive.

Given the abundance of dead organic matter that entered
sediments during the past half billion years and the adequate
time that has been available for transforming thesc remains to
liquid fuels it is clear that the process of oil formation is relatively
inefficient. The generation of substantial oil deposits required
enormous inputs of primordial organic matter, with no known
commercially exploitable oil formations being younger than the
time elapsed from the peak of the latest glaciation, and with the
oldest ones dating back to the Palacozoic era. Approximate
comparisons with the generation of coal indicate the extraordi-
nary demand of this process: roughly 1,000 times more ancient
biomass was needed to transfer a unit of carbon from organic
matter to crude oil than was required to preserve it in coal.

Up to this point I have reviewed our understanding of oil’s
origins based on the prevailing consensus of Western geologists
and geochemists — but I should note that an alternative theory of
oil’s origins has been available since the early 1950s, an intrigu-
ing Russian-Ukrainian hypothesis about the abyssal abiogenic
origin of hydrocarbons. This is not yet another example of a
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drilling that has resulted in the discovery of oil and its produc-
PHOTOSYNTHETlC (CARBON) COST OF COAL tion from crystalline basement rocks in scores of hydrocarbon

~AND-OIL - fields in the Caspian Sea region, western Siberia and the
Dnieper-Donets Basin.

Coal formation has high carbon preservation rates. Close to 15% of
the element is transferred from plants to peat and 75-95% of that
carbon ends up as coal. Underground coal mining usually removes
about 50% of coal in place and surface mining takes out as much
as 90%. The overall carbon recovery factor (the share of the
element’s original presence in phytomass that ends up in
marketable fuel) is thus as high as 20% for lignites and as low as
2% for the best anthracites, with rates around 10% being typical
for the most commonly mined bituminous coals. Obversely, this
means that 5-50 units of carbon locked in ancient plant mass were
needed to produce one unit of carbon in coal,

In comparison to coal formation, preservation factors of carbon
were lower during the formation of marine and lacustrine
sediments (rarely over 10% , often less than 1%), and much lower
during the subsequent heating and pressurization of organic
sediments. Published data also indicate a much wider range of
preservation factors and crude oil also has much lower extraction
factors than coal: commonly just 10-20% of all carbon originally
present in oil formations ends up on the market. This means that
the mean overall recovery factor for crude oil carbon is less than
0.01%. On the average some 10,000 units of carbon (or as few as
about 100 and as many as 300,000 or more) in the initially
sequestered biomass were needed to produce a unit of carbon in
marketed crude oil. Refining further lowers this recovery factor
and a memorable encapsulation of these calculations is that every
liter of gasoline (about 740 g containing about 640 g of carbon)
represents some 25 t of originally sequestered marine biomass.

deranged Stalinist science (like Lysenkoist genetics): the theory
is based on theoretical considerations as well as on extensive field
observations and it has been criticized and discussed for decades
in more than four thousand papers, book chapters and books.
Most importantly, the theory has guided extensive exploratory

ABIOGENIC TI'IEORY

* Russian and Ukraiman scientists have argued that the standard
- account, calling for the formation of highly reduced high energy

density hydrocarbons from highly oxidized low energy density -
organic molecules, violates the second law of thermodynamics and
that the formation of such highly reduced molecules requires high
pressures that are encountered only in the Earth’s mantle. In 2002
Jason F. Kenney of the Gas Resources Corporation in Houston - a
feading American advocate of this theory who also works at the
Russian Academy of Sciences — and his Russian colleagues published
the result of experiments that produced an entire suite of petro-
leum fluids in a special apparatus that mimicked the conditions 100
km below the Earth's surface by operating under high pressure (fifty
MPa} and temperature (up to 1500°C). Although the paper
appeared in the Proceedings of the National Academy of Sciences its

. publication did not lead to any widespread adoption of the theory.

Proponents of abiogenic theory point out not only many

_ weaknesses in the dominant explanation but they also refer to

what they see as ‘pure and simple’ cases of intellectual fraud. Fossil
spores and pollen found in oil can be explained by-leaching from
buried organic matter; specific carbon isotope ratios can be

" explained by the age of hydrocarbon deposits and their migration

paths; porphyrins, isoprenoids and other arganic molecules do not
have to come from ancient biomass as they have been found in
dozens of meteorites. Thomas Gold, a leading US astronomer and
geoscientist and the theory’s best known Western advocate,
pointed out“the existence of abiogenic hydrocarbons on other
planetary bodies and argued that on Earth, hydrocarbons can be
made from hydroegen and carbon under the high temperatures and
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ABIOGENIC THEORY (cont)

pressures of the outer mantle. This would also explain why these
compounds almost always contain elevated levels of inert helium.

Advocates of abiogenic theory also argue that giant oilfields
(containing more than 500 Mb of recoverable oil) are better
explained by oil's inorganic origins rather than by postulating
enormous accumulations of organic matter.

This theory has equally passionate advocates and detractors.
However, skeptics should recall that most geologists resisted for
several generations an idea that suddenly became (during the
1960s) a key paradigm of their science: the theory of plate tecton-
ics that had been championed by Alfred Wegener, a German
meteorologist, since the 1920s. And they should also be reminded
that another one of Gold’s controversial ideas — the existence of
bacteria deep underground (what he called deep hot biosphere)
that was ridiculed by the geological and biological establishment
when first published - has now been incontrovertibly confirmed by
experimental drilling.

Geology of hydrocarbon deposits

Commercial viability of oil deposits is determined by the great
trinity of hydrocarbon geology, the right combination of a rich
source rock, a permeable and porous reservoir rock and a
suitable tight trap to hold the liquid in place. The genesis of a
source rock and sediment with a relatively high content of
organic matter, is controlled by interactions of three rates, those
of production, destruction and dilution. All of them are, in turn,
governed (often in a non-linear fashion) by a multitude of exter-
nal factors, each one can fluctuate across at least an order of
magnitude, and only their appropriate combination will result in
high accumulation rates. Additional factors that have a major
influence on the rate of organic matter accumulation are the
sulfurization of organic molecules and their adsorption onto

T
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(or within) clay particles: both processes make the molecules less
vulnerable to oxidation and increase the probability of their
preservation.

Primary (photosynthetic) productivity in marine environ-
ments depends critically on the availability of nutrients (in all
aquatic environments particularly on the fluxes of nitrogen,
phosphorus and iron) in the photic zone (part of the water
column penetrated by sunlight) and on the concentrations of
atmospheric CO,. In turn, nutrient concentrations are deter-
mined by the intensity and extent of oceanic upwelling (transfer
of deeper, nutrient-rich waters to the surface) and on nutrient
transport by rivers while the secular fluctuations of CO, (driven
by orbital, geotectonic and climatic factors) often result in an
obvious cyclicity of deposition.

High productivity was more likely to overwhelm the destruc-
tion rate and result in net deposition of dead biomass but it alone
could not guarantee substantial deposition as it could be largely
negated by excessive dilution. Destruction of deposited organic
matter (largely through its degradation by microorganisms and
return of carbon to the atmosphere as CO,) is primarily the
function of oxygen concentrations: in oxic settings its rates are
one or even two magnitudes faster than in dysoxic or anoxic
environments. Consequently, the presence of anoxic bottom
water has often been considered as the main controlling factor for
organic matter preservation. The decay function js nonlinear and
only the settings with less than one milliliter of oxygen per liter
had a chance to accumulate significant amounts of dead biomass.

Dilution, that is organic carbon-free sedimentation, can be
extremely variable, spanning four orders of magnitude and
amounting to as much as 20 kg/m? Sedimentation that can
create optimal conditions for the preservation and subsequent
processing of accumulated biomass is a matter of a delicate
balance between desirable rates of burying the organic matter
(and hence isolating it from oxygen) and lowering the
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sediment’s organic content below the levels capable of produc-
ing oil rich source rocks. In marine ecosystems high rates of
dilution can also result from high photosynthetic productivity
that contributes a relatively large mass of hydrogen-poor tests,
shells and bones. For example, most of the mass of coccol-
ithophorids (single-celled planktonic protists) is their intricately-
built calcium carbonate armor (see figure 9).

Accumulations of organic matter, and hence the generation
of source rocks, were not spread evenly through geological eras
but were clearly concentrated in a limited number of intervals
whose duration and recurrence were determined primarily by
global geotectonic cycles and secondarily by planetary climate
changes driven by orbital oscillations. The total mass of organic
matter stored in the Earth’s crust is on the order of 10' tons,
with 10" t (100 Tt) in organic-rich rocks, principally shales
containing at least 3% of organic matter (the range is from
fractions of a per cent to as much as 40% for oil source rocks and
nearly 100% in some types of coal).

An approximate secular division of this global accumulation
indicates that different geological eras contributed the following
shares of the world’s kerogens:

Figure 9 The intricate carbonate armor of a coccolithophorid (Emiliania
huxleyi) and a foraminiferan protist {(Ammenia parkinsoniana).
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e Nearly 30% from the mid-Cretaceous period (about 100
million years ago).

e 25% from the late Jurassic period (around 150 million years
ago).

¢ Less than 10% each from the Jate Devonian (350 million
years ago), Silurian (408—438 million years ago) and early
Cambrian (about 550 million years ago) periods.

The mid and late Mesozoic eras are thus the source of more
than half of all kerogen and hence, not surprisingly, of a similar
share of oil originally in place in the uppermost sliver of the
Earth’s crust. When burning refined oil products we are thus
primarily converting a planetary patrimony that remained undis-
turbed for more than 100 million years.

The next step in the genesis of exploitable oil resources is the
release of hydrocarbons from the kerogen beds where they were
formed and the movement of crude oils {tnigration) from fairly
(or highly) impermeable source rocks to relatively highly perme-
able reservoir rocks, and eventually to the Earth’s surface and
hence to oil’s inevitable bacterially-mediated decomposition.
We will never know how much oil had made it that far during
the elapsed geological eras and was rather rapidly decomposed:
we deal only with that still imperfectly known fraction that was
confined in reservoir rocks by a variety of traps and that we
discover by geophysical exploration and drilling (see chapter 3).

During the primary migration, oil is expelled from its source
rock and although water is always present this transport through
pores and capillaries does not always take the form of a solution
or emulsion (oil being fairly immiscible) but it is one of an
independent movement driven by the pressure of overburden
rocks and made easier by the presence of fauits and fractures. Oil
expelled from its source rocks represents only a tiny fraction of
migrating liquids (on the order of 102%) and it is also highly
dispersed, as organic-rich source rocks of a single formation may
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cover hundreds of square kilometers. Secondary migration,
proceeding through much more permeable media of porous
rocks and driven largely by oil’s buoyancy, concentrates it by
carrying it to one of the many possible traps where it accumu-
lates. Tertiary migration (leaks, seepages) leads oil from traps to
the surface. When migrating hydrocarbons lose their volatile
components they become heavy and non-liquid and the crust
contains large volumes of these semi-solid or solid materials.

Virtually all commercially viable oil reservoirs are products of
migration: i sifu origin of oil in trapped reservoir rocks is highly
unlikely as it would require the source rocks to be situated
within traps. The word reservoir invokes images of large liquid
pools but underground pools of oil are extremely rare. Instead,
a reservoir is any subsurface body of rock whose porosity and
permeability are sufficient to store and to transmit fluids so they
are eventually able to flow into a borehole. Reservoir shapes are
determined by the subsurface structures or discontinuities that
envelope them or delimit them and they can range from
relatively shallow irregularly shaped near-horizontal lenses to
steep wedge-like enclosures.

Porosity is the share of void space in the reservoir rock that can
be filled by hydrocarbons and, of course, also by water and non-
hydrocarbon gases. High porosity may be created during the
rock’s deposition (primary porosity) or it can arise through a later
alteration of the formation (secondary porosity due to recrystal-
lization or fracturing). However, isolated pores would preclude
oil extraction and hence it is the effective porosity, the volume
of interconnected pores in a rock that determines eventual
productivity. Sedimentary rocks are generally much more porous
than even the most fractured igneous or metamorphic formations
and sandstones and carbonates (limestones and dolostones) are by
far the most common reservoir rocks. Their porosity ranges from
less than 10% to about 70% (in some limestones) of the rock’s
total volume, with typical shares between 20-30%.
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Permeability quantifies a rock’s capacity to transmit fluids.
Permeable rocks have a multitude of relatively large and
abundantly connected pores, impermeable formations (shales
being a good example) have much smaller and poorly connected
pores. As with the porosity, effective permeability, the capacity
to transmit a fluid when other fluids are present, is a more telling
indicator. Permeability, measured in darcy units (D), can range
over four orders of magnitude, from 0.1 mD to more than 10
D. Such impermeable rocks as salt, shales and anhydrite (calcium
sulfate, a soft rock created by the evaporation of seawater) are
able to keep reservoir rocks sealed through geological eras
because their permeability is merely 10-¢ to 10~® D. Reservoir
rocks with good porosity and permeability are classed in two
broad categories, those of clastic and carbonate systems.

CLASTIC AND CARBONATE SEDIMENTS

Clastic sediments are formed from fragments of various rocks that
were transported and redeposited to create new formations:
sandstones, siltstones and shales are the most common examples.
Clastic deposition leads eventually to sandstone reservoirs and
many distinct processes result in such accretions. Alluvial fans
accumulate different sizes of eroded matter as mountain streams

. debauch onto open, flatter ground. This intermittent deposition
has only rarely produced giant reservoirs: Venezuela's Quiriquire is
perhaps the most notable example. Rivers deposit substantial
volumes of sand and gravel particularly when they flow as braided
or meandering streams. Alaska's Prudhoe Bay originated as a
Triassic sandstone deposit in a braided flow.

Sedimentation in lakes has produced only a limited number of
major oil reservoirs, most notably in China. In contrast, sedimentary
rocks that originated as submarine fans harbor such rich oil reser-

~ voirs as the Forties field in the North Sea. But no other clastic
¢ depositional systems have contributed as many reservoir rocks as

b
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. .CLASTIC AND CARBONATE SEDIMENTS (cont) -

river deltas, ranging from elongated and lobate formations to
wave-dominated forms: at least two-fifths of global oil production
~ has come from deltaic sediments. Notably, the Tertiary deposits
along the US Gulf coast, a number of Venezuelan coastal fields, the
Niger delta and the south Caspian Sea. Shallow marine flats are
also ideal depositional settings, often producing source rocks in
association with reservoir rocks: fields in the central part of the
North Sea have this origin.
Many of the world's largest reservoirs are in carbonate rocks.
_ These are formed either inorganically, through a chemical reaction
{precipitation) of seawater calcium and carbonate ions in shallow
seas, or by the process of biomineralization whereby marine organ-
isms produce large carbonate structures (reef-building corals) or a
constant rain of tiny shells and test: algal coccolithophorids and
foraminiferal protists are the most common biomineralizers (see
figure 9). Calcite and aragonite, two chemically identical
compounds (calcium carbonate) with different crystal structures,
dominate limestone composition. Partial replacement of calcium by
magnesium (from evaporating seawater or during a deep burial)
creates dolomite, the principal constituent of dolostones, whose
~higher porosity makes for excellent reservoir rocks. Carbonates can
also be fragmented and redeposited as clastic sediments.

Most of these sediments originated in shallow sea waters
(shelves} and their simplest subdivision is into ramps (with gently
sloping sides) and platforms (flat, with sharply sloping sides). The
world‘s largest oil reservoirs in the Persian Guilf produce from
Jurassic or Cretaceous shelf limestones. The Permian grainstones of
West Texas and south-eastern New Mexico form the most produc-
tive onshore oil province in the continental US, while Alberta’s
giant oilfields are outstanding examples of production from
Devonian reefs. Dolomitic reservoirs are also widely distributed,
with the most productive ones (from the upper Jurassic) in the
Arabian platform. Deep water carbonates are much less common

(Mexico's Poza Rica and the North Sea‘s Ekofisk are outstanding
examples), as are karst reservoirs (notably in buried hills in China).
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Oil in reservoirs is contained by various traps, upwardly rising
curves or angled containments, that can originate through a
variety of structural and stratigraphic processes and that are
s sealed by highly impermeable rocks, most often by shales or
, evaporites (see figure 10). Structural traps are formed by defor-
| mations of the Earth's crust. Anticlines, smooth arch-shaped
‘ (convex) folds, make such outstanding hydrocarbon traps that
; they enclose nearly four-fifths of the world's largest oil reser-
i voirs. Some anticlinal traps have reservoir rocks situated right in
' the middle (the core) of the convex shape where they are capped
by impermeable strata. Anticlinal structures can be both large
. and almost perfectly symmetrical {(seen as ovals on topographic
i maps) or can be closed by faults (relative displacements of rock
- strata that prevent further oil migration) including normal,
| reverse and strike-slip arrangements.

anticline fauit

sall dome

- == nonporous rock
] worous tock

Figure 10 Four common kinds of oil traps.
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The most extensive structural traps are formed by compres-
sive tectonics along convergent plate boundaries. Such contrac-
tional folds, created by the Miocene collision of Arabia with
Eurasia, produced an entire system of two spectacular asymmet-
ric whaleback anticlines (Lurestan and Fars) in the Zagros Fold
Belt of Iran. In between is the Dezful Embayment — a depres-
sion some 600 km long running in a NW-SE direction and up
to 200 km wide with a total area of some 50,000 km? — that
harbors forty-five oilfields, including such supergiant reservoirs
(containing more than 5 Gb of recoverable oil) as Agha Jar,
Ahwaz, Bibi Hakimeh, Gachsaran and Marun. Source rocks of
these fields are an early Tertiary (Paleocene and Eocene) Pabdeh
formation and a mid-Cretaceous Kazhdumi deposit, and the two
main reservoir rocks are the Sarvak formation (overlaying
Kazhdumi) and the Miocene Asmari rocks capped by Gachsaran
evaporates. Another large-scale anticlinal trap contains oil in
eastern Venezuela.

Other remarkable structural traps are created, albeit on a
smaller scale than tectonic anticlines, by diapirs, vertical intru-
sions of lighter formations through denser rocks. Because salt
(halite) has a lower density than the surrounding sedimentary
rocks (2.2 vs. at least 2.5 g/cm’) it is buoyant and as it rises
through sedimentary formations it can be plastically deformed,
creating domes, sheets or pillars. Anticlinal structures generated
by rising salt domes create excellent traps on their own and they
are also often associated with evaporite rocks (gypsum,
anhydrite) that provide perfect caps and seals. Reservoir rocks
are frequently found draping over a rising salt, with steep side
dips. Diapiric anticlines can be also formed by rising hot magma
(but the heat generated by their rise would be likely to destroy
the hydrocarbons present in the reservoir rock), shales and
movements of mud. The world’s second largest oilfield, Kuwaiti
al-Burqan, is a Cretaceous sandstone trapped above a massive
(roughly 750 km?) salt swell.

What oil is and how it was formed 77

Stratigraphic traps are generally on smaller scales, resulting
from gradual accretions of impermeable rocks that enclose oil-
bearing formations (depositional traps) and from sudden uncon-
formities (created by erosion or by karst phenomena). They also
arise from mineral precipitation, dissolution, intrusion of tar mats
or permafrost. Primary stratigraphic traps include such elongated
sandstone bodies as point bars, deltaic channels and barriers as
well as carbonate slopes and coral reefs. Secondary stratigraphic
traps come as various unconformities, clay-filled channels of
diagenetic dolomites or calcites. Stratigraphic traps are often
present as multiple, complex, staggered phenomena, and they are
also often combined with structural traps. Major oilfields with
stratigraphic traps include Alaska’s Prudhoe Bay, East Texas,
Bolivar Coastal and Venezuela's supergiant along the east coast of
Lake Maracaibo that is bounded by an enormous tar seal.

AL-GHAWAR OILFIELD

' Some of the principal concepts of petroleum geology that have been

- introduced in this chapter are illustrated here in describing the essen-
. tial features of al-Ghawar, the world's largest supergiant oilfield that

! was discovered in north-eastern Saudi Arabia about 80 km inland
i from the western coast of the Persian Gulf. Al-Ghawar's extraordi-
i mary size and its high sustained productivity are due to a nearly
1 perfect combination of a large structure sourced-from a prolific
i formation into a highly permeable reservoir capped by an excellent
7 seal. The field is a large (250 km long and about 30 km wide) gentle
# anticline with two subparallel crests (separated by a saddle) that is
4 draped over a horst, an elevated deformation of the basement rock
1 that arose originally during the Carboniferous period (see figure 11).

Both the source and reservoir rocks belong to the Upper Jurassic
Shagra group. Ghawar’s source rock is a highly prolific, organic-rich
lime mudstone of the Tuwaiq Mountain Formation (with about
3.5% of total organic carbon), about 150 m thick that was laid down

Lot
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Figure 11 East-west cross-section of strata at al-Ghawdr, the world's largest
ciffield, and the field’s extent.

- in intershelf basins between 164-155 million years ago. The overly-
ing Hanifa formation (with about 2.5% of organic carbon) also
contributed to the original store of organic matter. Because of the
great oil volume in place it is likely that a major lateral migration
took place before the oil migrated a short vertical distance to the
reservoir rock, late Jurassic Arab-D limestone laid down between
150-145 million years ago that lies 1.8-2.1 km below the surface.

This rock is up to 120 m thick and its quality improves from the
bottom mudstone to clean top grainstone. Its porosity exceeds
30% in some parts of the reservoir (mean of 14-18%) and its
permeability is also excellent (in parts more than 600 mD). The oil-
bearing limestones are capped by a massive (up to 150 m thick)
layer of impermeable anhydrite of the late Jurassic Hith formation
that is not broken by any major faults.
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Most large commercial oilfields produce from relatively
young reservoir rocks. Approximate division by geological
periods puts almost 45% of all reservoir rocks to the Jurassic and
35% to the Cretaceous period while reservoirs dating to the late
Paleozoic periods (Silurian to Permian) are relatively uncom-
mon. A classification by major producing oilfields shows that just
over half of their reservoir rocks are Mesozoic, nearly 40% are
early Cenozoic and less than 10% are Paleozoic. The youngest
known oil-bearing sediments (in the US, in Texas and
Louisiana) are less than 20,000 years old, contemporary with the
peak of the last Ice Age.

As for the major oil provinces, their dating (going backwards
in time) is as follows: '

Mid-late Cretaceous source rocks are found in China’s

Songliao Basin (the site of Daging, the country’s largest

supergiant field), in the Gulf of Mexico, the Persian Gulf,

Venezuela and in waters off Congo.

Upper Jurassic layers are productive in Western Siberia, the

Persian Gulf and the North Slope of Alaska.

Late Jurassic rocks occur in the Gulf of Mexico, the North

Slope of Alaska, the North Sea, Western Siberia, the Persian

Gulf and Northern Caucasus.

Triassic, early Permian to late Carboniferous basins include

China’s Tarim and Junggar and the southern part of the

North Sea.

Early Carboniferous to late Devonian sediments produced

such important oil provinces as Russia’s Volga-Ural and

Timan-Pechora, West Canadian Sedimentary Basin,

Oklahoma and Texas.

This distribution, with commercially exploitable resources of
oil present on all continents, makes it difficult to make any grand
simplifying generalizations. One intriguing observation is that
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the world’s largest oil-bearing basins are concentrated either
along the shores of the Mesozoic Tethys Ocean that was wedged
between the supercontinents of Laurasia (to the north) and
Gondwana, extending from today’s Indonesia through the
Middle East to North Africa, or along both flanks of the
American Cordillera, from Alberta through the Gulf of Mexico
to Trinidad, Venezuela and Brazil and, on the western side, from
Alaska through California to Ecuador. On the other hand, size
distribution of the world’s oil resources makes it possible to
make a number of fascinating observations.

The size of oil reservoirs shares a highly skewed (geometric)
frequency distribution with many of the Earth’s discrete physi-
cal features: for example there is only one Greenland, and just
two islands of the size of New Guinea and Borneo, thousands of
small islands and myriads of tiny reefs and islets. Similarly skewed
frequency distributions can be plotted for the size of lakes or the
length of peninsulas — or for the sizes of oilfields: most of the
world’s commercially exploited oilfields hold only small
volumes of oil (and there is, obviously, a much larger number of
even smaller reservoirs that are not worth exploiting) while a
small number of giant and supergiant reservoirs contain a dispro-
portionately large share of the oil present in the Earth’s crust.

At the beginning of the 21st century there were — depending
on how some contiguous or adjacent structures are classified, and
also on the uncertain estimates of ultimately recoverable oil — at
least 600 or more than 700 giant oilfields in twenty different
regions, and nearly forty of these were supergiants. Giant fields
contained at least 65% of all crude oil reserves, and the super-
giants alone claimed nearly one half, with the largest one (Saudi
al-Ghawir) holding nearly 10%, and the five largest supergiants —
al-Ghawar, Kuwaiti al-Burqan, Mexico’s Cantarell, Venezuela’s
Bolivar and the Saudi Safinlya-Khafjl — having approximately a
quarter of the world’s oil reserves. I must stress that all of these
shares are not only rounded approximations but that they also
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change with continuing reappraisals of ultimately recoverable oil
in producing fields; these are the consequence of additional
drlling and higher recovery rates and commonly result in
substantial additions to initially estimated reserve totals.

Spatial distribution of the world’s largest oil fields is also
highly skewed: the Persian Gulf region contains more than half
of all supergiants and nearly 30% of all giants. Western Siberia
has about 12% and the Gulf of Mexico nearly 10% of all giants.
The regions with approximately 5% of the world’s giants include
the Anadarko/Permian Basin in Oklahoma, Texas and New
Mexico, the Volga-Urals, the Caspian Sea, and South-East Asia
(Thailand, Indonesia and Vietnam). Regions with fewer than
ten giants include North Alaska, Brazil, the Black Sea, Siberia,
north-western Australia and the Bass Strait. Production figures
show similar disparities.

R By 2005 some 120 giants — or fewer than 3% of the more than
4,000 oilfields that were in production in 2005 — accounted for
i nearly half of all global oil extraction. Classification based on the
R basin type confirms the already noted absence of a dominant
] pattern: about 30% of giants are situated along passive continen-
tal margins, another 30% are along continental rifts and nearly
25% are found along continental collisional margins. In the
future there may be some pleasant surprises as we discover more
giants than is currently anticipated, but the global pattem of oil
distribution will remain essentially unchanged, a constancy that
will maintain the dominance of the Middle Eastern producers.

A
|




How oil is found and
where it has been
discovered

The search for mineral resources is an inherently difficult and
commercially risky enterprise. Compared to many deposits of
metallic ores that are found in thin and twisting veins deep
underground, many oil reservoirs are massive structures that lie
fairly close to the surface. Some, signalled by surface pools, seeps
or gas vents, were discovered without any of the sophisticated
geophysical tools and procedures that are available to modern
explorers, but many remarkable innovations were required to
find smaller and deeper reservoirs. These advances have ranged
from better theoretical understanding of the geology of oil-
bearing formations and clever exploratory techniques to
complex three- and four-dimensional (3D, 4D) simulations and
visualizations of oil reservoir dynamics.

Eventually, exploration wells have to be sunk to verify the
presence of significant volumes of oil, but given the cost of
drilling (increasingly in remote continental locations that are
often very difficult to access, in deeper and stormy offshore
waters, and at greater depths, both onshore and in what is now
called ultradeep- ocean drilling) it has become imperative to
minimize the risk of repeatedly ending up with dry wells. But
even with the advanced geophysical methods that provide
unprecedented knowledge about the formation to be drilled,
every new exploratory well (and particularly those in promising

e e e
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but previously undrilled locations) still justifies the oil industry’s
traditional name for such an undertaking, a wildcat. The main
reason for this is that none of the parameters of an explored oil
formation, and particularly not its pressure configuration, are
known with certainty and drilling crews must be prepared for
unexpected kicks (inflows of reservoir fluids, water, oil or gas,
into a well bore during its progress) that may lead to violent well
blowouts.

After a brief history of oil exploration and the drilling
methods used to discover oil, and a more detailed description of
current drilling tools and practices, I will turn to historical
accounts of oilfield discoveries. Most of the drilling — starting
with the world’s first wells that were completed explicitly in
search of oil during the 1850s, proceeding through the pioneer-
ing exploration decades of the late nineteenth century, culmi-
nating in the discovery of most of the giant oilfields that are in
production today, and continuing in the still inadequately
explored regions of the Earth — has been done on land, but many
remarkable advances in exploratory offshore drilling created a
new (post-WWII) industry without which the world would
now be missing nearly a third of its crude oil supply.

Geophysical exploration

Early explorers for oil had little to guide them: obvious surface
signs of oil’s presence (such as natural seeps or pools, tarry rocks
or tar lakes) were uncommon, subtler geochemical indicators
were not well understood and hunches and guesses were a costly
way to decide where to drill. But eventually oil exploration
adopted and adapted techniques of geophysical investigation,
above all the studies of the Earth’s natural electrical, gravitational
and magnetic fields and of the propagation of seismic (elastic)
waves through the Earth’s crust. Reflection scismology, a key
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The seismic search for oil had its origins in Reginald Fessenden’s
research on detecting icebergs and locating ore bodies (patented
in 1917) and in the independent invention of practical, albeit
initially crude, seismographs. The first portable device was
invented by Ludger ‘Mintrop during WWI in order to give the
German army a highly accurate means of locating the positions of
Allied artillery. In the US John C. Karcher developed a reflection
seismograph at the federal Bureau of Standards after the end of
WWI and the first field test of the device (on 4 June 1921)
confirmed that seismic techniques can unveil the existence of oil-
bearing structures. In 1926 his crew located a promising structure
around Seminole in Oklahoma and on 4 December 1928 the first
well ever to be drilled by following the results of reflection
seismography struck oil. In 1930 Karcher founded the Geophysical
Service Company which was to become Texas Instruments (later, a
leader in microelectronics).

Reflection seismography became much more sensitive with the
use of vacuum tubes and, since the early 1950s, with the adoption

of transistors. The decade’s other innovations included electronic

data recording and processing, Harry Mayne‘s signal-to-noise

_enhancing technique, and Conoco’s vibroseis method that substi-

tuted waves created by vibration or weight dropping for waves
generated by dynamite explosions. In the late 1960s Mike Forrest,
a Shell geophysicist, discovered that strong seismic reflections
('bright spots’) on the crest of hydrocarbon-bearing formations
make it possible to use seismic data for the direct detection of oil
and gas formations. Digitalization and computerization of
seismography also started during the 1960s and advanced during
the 1970s; at the same time, oil exploration’s enormous demand
for data acquisition and processing was among a few key factors
that pushed the performance of new hardware and required
complex new software. The most remarkable sign of this interplay
was the introduction of three-dimensional (3D) seismic surveys. The
technique was pioneered by Exxon in the Friendswood oilfield near
Houston in 1967 and it became routine by the mid-1970s.

-
(-

How oil is found and where it has been discovered 85

exploratory tool, maps subsurface deposits by clocking the time
needed for a pulse sent underground to return to the surface
after it has been reflected from the interfaces formed by differ-
ent types of rock formations.

All seismic surveys use the same basic procedure: they gener-
ate sound waves at the surface (using truck-mounted vibration
pads or, where trucks cannot be driven, dynamite charges in
shallow holes) and an array of sensitive receivers (geophones) to
record the sound waves reflected from rock formations. In
marine exploration the sound waves are generated from air guns
(firing compressed air) that are towed on a line behind a ship and
reflections are recorded by hydrophones located further down
the line (see figure 12).

Standard three-component seismic surveys determine the
type of wave and the direction of its propagation by using three
orthogonally oriented geophones; hydrophones are added to

tail buoy streamer

Figure 12 Simplified diagram of a marine seismic survey.
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ocean-bottom sensors to measure additional waves for a four-
component seismic survey. The massive amounts of data are
then processed by high-speed computers. The resulting 3D maps
provide unprecedented insights into the structure of subsurface
formations and hence about the best ways to exploit them.
Increased computing power (driven by Moore’s famous law of
doubling the capacity of the microprocessor every 18 months)
was an essential ingredient of the 3D seismic revolution as the
amount of raw data that had to be interpreted for a typical
survey increased more than 5,000-fold!

Another computing advance that revolutionized oil explo-
ration and called for an unprecedented amount of data process-
ing capacity was the development of 3D visualization. Arco,
Texaco and Norsk Hydro were the first companies to use large
immersive visualizations whereby the experts are enveloped by
tall projection screens or, even more impressively, enter visual-
ization rooms where they are literally surrounded by data
through which they can walk and while virtually immersed in
an oil reservoir they can chose the best location and paths for
new wells. And this process has been carried yet another step
forward with the development of time-lapse 4D seismic surveys.

R epeated monitoring of a reservoir over a period of weeks or
months unveils its changing properties, above all its temperature
and pressure and the paths the fluids (oil, water, gas) take as they
move through it. This knowledge is invaluable for anticipating
future reservoir flows and hence siting new production wells, for
identifying oil or gas bearing areas that have been bypassed by
existing wells and that are worth returning to, and for accelerat-
ing and enhancing existing hydrocarbon recovery. Not every
4D survey results in the gains demonstrated in Sumatra’s Duri
field, where the optimized placing of stcamflood wells raised the
rate of reservoir recovery from just 8% to nearly 60%, but
rewards are always substantial. Crosswell seismic surveys are
another new tool that sharpens the understanding of reservoir
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structure and flow — acoustic sources are deployed in one well
bore and the propagated wave recorded in another.

During the early decades of oil exploration the drillers did not
even have any reliable means to determine the progress of their
operations. A cumbersome and expensive way to get that infor-
mation was to periodically use a special drill that cut a slim cylin-
drical core of solid rock that was brought to the surface for
examination. This is still done when a periodic examination of
actual rock core samples is required: an expensive hollow
diamond-covered drill is used to remove cylinders of rock for a
preliminary appraisal in the field or more detailed evaluation in
a laboratory. A cheaper alternative is sidewall coring, using
either a small explosive charge to propel a tiny core barrel
sideways from the well or a small robotic core bit to drill short
(up to 5 cm), thin rock core samples withdrawn by a wireline.

Recording the kinds of rocks and their attributes based on the
samples of rock cuttings (so called mud logs) is an easier option
than coring, and this logging, together with the measuring of the
rate of penetration, became the first step toward getting a
systematic record of the changing properties of rock formations.
Eventually these records became automated and modern well
logs inform on variables ranging from the speed of rotation and
hoisting to the mud flow rate and pressure and temperature at
the bottom of the well. The single biggest advance in oil explo-
ration came in 1911 when Conrad Schlumberger, at that time a
lecturer at the French Ecole des Mines, came up with the novel
idea of using electrical conductivity measurements in prospect-
ing for metallic ore deposits. A year later his first crude map of
equipotential curves indicated that the technique could also be
used to identify subsurface structures that could act as traps for
such mobile resources as oil and gas.

The process of electric well logging pioneered by
Schlumberger is one of the mainstays of modern geophysical
exploration: it consists of measuring a number of revealing
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. WELL.LOGGING

Société de Prospection Electrique, the precursor of today's .

Schiumberger Company, was set up in 1926 and it rapidly
expanded its operations to the Americas, Asia and the USSR. In
1927 Henri Doll, an experimental physicist, produced the first
electrical resistivity well log, a record of successive resistivity
readings that are used to create a resistivity curve. in 1930 the

company introduced a continuous hand recorder and a year later -

Conrad, together with his brother Marcel Schiumberger and E.G.
Leonardon, recognized the phenomenon of spontanecus potential
that is generated naturally between the borehole fluid electrode
and the formation water in permeable beds. Simultaneous record-
ings of spontanecus potential and of the resistivity curve could
differentiate impermeable and permeable strata, and hence
identify potentially oil-bearing beds.

tn 1949 Henri Doll intraduced the first induction log, measure-
ments of resistivity after inducing alternating current loops in a
formation that made it easier to distinguish oil-bearing rocks from

. water-bearing substrates. Porous formations that contain only salt .
water have very low resistivities (often less than 10 Q) and those

that might harbor hydrocarbons have high readings (> 50 Q). well
logging became an indispensable tool for appraising the probabil-
ities of oil discovery, and Schlumberger has retained global leader-
ship in the field by continued introduction of improved devices and
by acquisitions of allied companies.

Modern logging uses slim (no wider than twenty five cm), long

(six to twenty five m) pipes to house the instruments; these tools
are lowered into a new borehole on a flexible electric cable
{wireline) spooled out from a special truck and transmit the
readings to the surface.

Gamma-ray logs record the natural emissions from radioisotopes
present in the formation, thereby distinguishing between shales
and sandstones that have different gamma-ray signatures. Logging
of the formation’s density is based on the decline of gamma ray
flux between a source of radiation and detector; in porous
rocks more of the emitted rays reach the counter than in dense
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WELL LOGGING (cont.) -

formations. Neutron logging is used to evaluate formation poros-
ity by measuring its effect on fast neutrons emitted by a source.
Logging is normally done after a well is drilled but logging-while-

" drilling is now also possible thanks to making various sensors
(monitoring well inclination, pressure, resistivity, density and
porosity) part of an integrated bottomhole assembly. Logging- g
while-drilling is particularly useful where using the standard
wireline tools is difficult or outright impossible (particularly in -
highly deviated wells).

physical variables in or around a well and recording them for
subsequent evaluation.

Despite impressive advances in geophysics, seismic surveys
and computerized data processing and imaging, modern oil
exploration cannot eliminate the risk of drilling dry holes.
And this risk is uncommonly expensive, with deeper drilling on
land and deep offshore wells, a dry hole can cost upwards of
$15-20 million (leasing an offshore rig can easily run at $500,000
a day). Unlike in many other industrial endeavors, nothing
can be salvaged of a miss, although the cost of the failed enter-
prise can be written off as a business expense (in the US, in full
in the same year). At the same time, oil exploration remains
(despite the reduced probabilities of discovering supergiant or
giant fields) a highly rewarding enterprise. With an average
price of 850/b the discovery of the smallest giant oilfield
(containing half a billion barrels of recoverable crude) represents
a find worth $25 billion, and a smaller field with an ultimately
recoverable volume of 20 Mb would be worth at least one
billion dollars.

By the end of 2006 about 270 seismic crews were exploring
for oil worldwide, with one quarter of these crews working in
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The gas was then transported by bamboo pipes and bumed
under large cast iron pans to evaporate brines and produce salt,
a precious commodity in the landlocked province. The method
required a congruence of several important technical skills: avail-
ability of heavy iron bits and long bamboo poles, manufacturing
of strong and long cables woven from bamboo fiber, and a clever
use of levers. Heavy iron bits were attached to long bamboo
cables that were suspended from bamboo derricks and they were
then repeatedly (and rhythmically) raised and dropped into a
manually dug hole by two to six men jumping on a lever. This
seemingly primitive way of drilling was actually quite effective
and its performance improved with use. Han dynasty boreholes
made by percussion drilling were only about 10 m deep but by
the tenth century wells deeper than 100 m were common and
in 1835 the deepest well reached 1 km below the surface! Until
1895 a modernized variant of this ancient Chinese technique
was used to drill all new oil wells. Starting with Edwin Drake’s
first Pennsylvania well in 1859, small steam engines, rather than
human muscles, powered the drilling process and heavy metal
bits were hung from manila ropes and, later, from multiple-
strand steel wires supported by small wooden derricks. Steam
power and better bits speeded up the fracturing and pulveriza-
tion of the drilled substrate but the bailing out of the cuttings
accumulated at the bottom of the hole remained laborious.
However, the technique remained in use for decades after the
introduction of a superior drilling method: cable tool rigs
outnumbered rotary drills until 1951.

The first rotary drilling rig was used in the Corsicana field in
Texas in 1895, but in the US the technique became significant
only with the completion of the record-flowing (up to 80,000
bpd) Spindletop well in Texas in 1901, and it became dominant
worldwide only after 1950. The fundamental importance of
rotary drilling for both discovering oil and producing it from
commercial wells justifies more than a cursory description of its
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main components and operating procedures. The entire assem-
bly of structures and machines used in rotary drilling is called a
rig and its hardware consists of six interconnected systems:
power generation, hoisting mechanism, rotary table that turns
the drilling pipes and the drilling bit, fluid circulation, blowout
prevention and monitoring and well bore data acquisition.

Rigs are visible from afar thanks to their tall, pyramidal
derricks, the steel structure that supports the crown block, and
the drillstring (see figure 14). The crown block is a combination
of fixed pulleys (sheaves) and travelling blocks used to gain a
large mechanical advantage to hoist heavy loads with a small-
diameter (1.9-3.75 cm) steel cable; the draw works reel the
cable over the crown block and thus lower (by gravity) or raise
(by electric motors or diesel engines) the travelling block and the
load suspended from it, be it drillstring, well casing or well
liners. The drillstring is a combination of the drillpipe and
attached bottomhole assembly with a drill bit. Other key parts of
a rig are the tanks holding the drilling fluids and the pumps to
dispense it, engines to power the rig and, of course, the compo-
nent that gives the technique its specific adjective, the rotary
table.

This table is a heavy circular steel section of the drilifloor near
the base of a derrick that powers the clockwise (when viewed
from above) motion of a drillstring. Early rotaries (and other rig
equipment) were energized (via gears) by steam engines. Large
diesel engines are now the dominant prime movers and they
deliver their torque directly (via drive chains and belts) or they
are used first to drive electricity generators and the rigs are then
driven by electric motors. The table’s clockwise rotation
(‘turning to the right’ in drilling parlance) is transmitted to the
drillstring via a kelly bushing and a kelly, a long hollow steel bar
with either a square or hexagonal profile.

Drillpipe is a section of tubular steel with threaded ends (tool
joints) whose length and diameters vary depending on the
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Figure 14 Modem rotary drilling rig (courtesy of BP).

requircments of a particular job; standard length is 9 m (thirty
feet) with an outside diameter of 13.75 cm (5.5 in) and inside
diameter of 8.125 cm (3.25 in). Its first segment is attached to a
kelly and as the drilling proceeds and a well dcepens new
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sections of threaded drillpipes are connected to a lengthening
drillstring which serves as a conduit for drilling fluid. To do so
the drilling must stop, the kelly must be disconnected from the
top joint and a new section of drill pipe must be mated to the
top of the drillstring and to the bottom of the kelly. The rate of
penetration (typically in the order of 100 m a day) will deter-
mine the number of new connections that can be made in an
hour or a day.

The bottomhole assembly attached to the lowermost portion
of the drillstring consists of a bit, crossovers for various thread-
forms and heavy drill collars to keep the entire rotating assembly
vertical. The cost of these assemblies ranges from about
$100,000 for the simplest arrangement to more than a million
dollars for complex units that contain mud motors that are
powered by the drilling fluid and used in directional and
horizontal drilling. As a drilling bit wears out the entire drill-
string has to be withdrawn from the well, pipe sections have to
be unscrewed, stacked aside and then reattached after a new bit
is mounted. This process (called tripping) is laborious and
dangerous, as heavy pipes are removed, added and manhandled
within the limited work area of a rig floor. The earliest rotary
drills used fishtails and circular-toothed bits that were effective
only in soft rocks. The invention of the rotary cone drill
changed that dramatically.

Roller cone bits have either milled teeth or carbide tungsten
inserts with embedded industrial diamonds (used in oil drilling
for the first time in 1919) whose superior hardness gouges out
the rock as the bit rotates. Diamonds are also used in drag bits
that have no roller bearings and shear the rock with a continu-
ous scraping motion. Polycrystalline diamond cutters use thin
{about 3 _mm) circular bits (up to 2.5 cm in diameter) of
synthetic diamonds bonded to the underlying tungsten carbide
and are preferred for drilling shale formations. Diamond matrix
drag bits are used in extremely hard formations. Only about 20%
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_ HISTORY OF ROTAR'

In 1901 Howard Robard Hughes, who had failed to finish law
school and had been working in ore mining, was so impressed by

the discovery of the Spindletop oilfield that he switched to oil
drilling in Texas. In 1907 he was unable to penetrate extremely
hard rock in two promising localities and this failure made him
determined to design a better drilling bit — and he did so during
just two weeks in November 1308 while visiting his parents in lowa.
His truly revolutionary design was a rotary cone drill (see figure 15)
that consisted of two (citing one of the most consequential patents
of the twentieth century, granted on 10 August 1309) “frusto-
conical shaped rollers having longitudinally extending chisel teeth
that disintegrate or pulverize the material with which they come in
contact and thus form a round hole in said material when the head
of the drill revolves.”

The two rollers were arranged at an angle to each other as they
rotated on stationary spindles and, of course, as the entire bit
rotated at the end of the drillstring. This simple, elegant and near-
perfect design made it possible to drill ten times faster than with

Figure 15 Drawing of the first conical drilling bit in Howard Hughes’s 1908
patent application {left), and the first three-cone bit devised in 1933 by Floyd
L. Scott and Lewis E. Garfield of the Hughes Tool Company.
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HISTORY..OF ROTARY .CONE DRILLS. (cont.)

standard fishtail bits. In 1909 Hughes went into partnership with
Walter B. Sharp to set up the Sharp-Hughes Tool Company (after
1918 just Hughes Tool} that made the bits, not for sale but for
lease, at $30,000 per well. The company used its rising profits well
as its engineers kept on improving the basic Hughes tool and devel-
oped new modifications. These included a design that was thought
to be impossible: in 1933 Floyd L. Scott and Lewis E. Garfield
patented a tricone bit, interfitting the cutters of three rotating drill
cone bits (see figure 15). This arrangement sped up the drilling,
offered a much better support on the well bottom than did the
two-cone tool and reduced vibration. Numerous variants still
dominate the oil drilling market and the Hughes Company (now
Hughes Christensen, part of Baker Hughes) is still their leading
producer, with about 30% of the worldwide market share.

of diamonds are sold to the jewellery trade, most of the rest goes
into drilling for hydrocarbons and metallic ores.

Besides the kind and the quality of the drilling bit the other
key variable that controls the rate of penetration through the
drilled rock is the weight on the bit, that is, the mass of the drill-
string. Every combination of the bottom hole assembly and the
drilled rock has the optimum weight on the bit that will produce
the highest rate of penetration: this total is typically between
6.5-9 t. Because the single standard drill pipe weighs about 190
kg this optimum is achieved with only 34—47 sections, that is
with total drill string length as short as 300 m. Here is the reason
for the already described large mechanical advantage afforded by
the wire led over the crown block at the top of the derrick and
travelling blocks to the draw works: this arrangement keeps the
bit weight at the level commensurate with the fastest rate of
penetration by suspending the remaining mass of the drill string.
Depending on the number of loops between the two blocks the
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suspended load can be easily 500 t, enough to support more than
2,000 standard pipe lengths that would reach more than 20 km
below the surface, much farther than even the deepest experi-
mental well ever drilled (most oil wells do not go deeper than
4 km).

Rock cuttings produced by an advancing drilling bit are
removed from the borehole by a drilling fluid, commonly called
drilling mud. This term is a collective label for what has become
an enormous variety of liquids and mixtures of liquids, solids and
gases. The simplest way to sort out their confusing variety is to
classify them into water-based, oil-based, gaseous and synthetic
fluids. Water-based muds are natural mixtures or fluids to which
lignosulfonates, phosphates, lignite or tannins are added to act
as deflocculants and viscosity and filtrate reducers; various
emulsifiers, defoamers, polymers, salts, corrosion inhibitors and
weighting materials (barite, iron oxide) are also used to control
downhole pressure and prevent cave-ins. Oil-based muds are
pumped into high-temperature wells or into deep holes where
sticking and hole stabilization may be a problem. Synthetic fluids
. are primarily composed of esters, ethers and olefins. What started
simply as the use of water to remove rock cuttings has evolved
into a complex industry dealing with scores of varieties of
drilling fluids, some of them worth up to $400/b.

Drilling fluid is pumped under high pressure from a storage
container through a rigid metal standpipe that reaches about
one-third of the way up the derrick into a kelly hose, a flexible
high-pressure conduit (typically 7.5-12.5 cm inside diameter)
that is connected to the swivel. The swivel must be strong
cnough to suspend the weight of the entire drill string and it also
allows the flow of pressurized drilling fluid from the flexible
hose to a rotating kelly. Drilling mud is forced at high pressure
down the kelly into the drill string and eventually it flows
through the bit. This constant flow cools the rotating bit, makes
the removal of cuttings a continuous and casy operation, and the
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pressure it puts on the well sides helps to prevent the hole from
caving in. The mud loaded with drilling debris returns to the
surface through the annulus, the space between the outer drill
string wall and the wall of the well bore.

Heavy drill collars are used to add weight and rigidity to the
drill string in order to keep the borehole straight and stabilizers
may be used at intervals along the string to improve rigidity and
to prevent deviation from the vertical. Wells will commonly
encounter strata saturated with water, oil or gases or layers of
unconsolidated sediments that must be isolated from the
progressing borehole (and from each other) by the installation of
steel casing that must be fastened in place. Cement was used to
do this even in some pre-1900 wells drilled by cable tools, but
the first machine that eliminated laborious hand mixing at the
drill site and the process that made the cementing of well casing
into a routine operation came only in the 1920s.

As in the Schlumberger case, the company that pioneered and
commercialized a much improved version of this important
operation has retained its primacy ever since the 1920s. In 1919
Erle P. Halliburton started his oil well cementing company in
Oklahoma and in 1922 he filed a patent for his new cement jet
mixer. Eventually Halliburton expanded into one of the world’s
largest oilfield service companies (providing not only cementing
but also logging and well completion services as well as drill bits)
and because of its merger with Dresser (another major energy
industry provider) and the acquisiion of Brown & Root
(builders of the first offshore oil platform in 1947 and a large
general contractor) it is now also one of the world’s leading
multifunctional engineering enterprises.

As tlfe exploratory wells deepened and began encountering
higher reservoir pressures it became imperative to devise new
means of preventing well kicks and blowouts during drilling,
tripping or when the drill string is out of the well bore. A kick
takes place anytime the pressure in the well bore becomes lower
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than the pressure of the surrounding formation fluids. Kicks are
caused either by insufficient mud weight, be it because of initial
low mud density or its lowering by an inflow of lighter liquids
or gases (an underbalanced kick), or because of sudden pressure
changes caused by the movement of the drill string or casing (an
induced kick).

Violent blowouts not only eject the drill pipe from the
borehole but lead to fires that can kill crew members and destroy
a rig. The first blowout preventer, designed by James S.
Abercrombie and Harry S. Cameron in 1922 could contain
formation pressures of up to 20 MPa in 20 cm diameter holes;
in contrast, some of today’s high-performance preventers used
to drill in geopressured zones can contain formation pressures up
to 100 MPa in boreholes with diameters up to 46 cm. Blowout
preventers must be able to shut the well at the surface by using
various ramming devices, rid the well bore of the unwanted
fluid and replace it with a heavier fluid that will prevent future
intrusions. Ever since these devices have been widely deployed
accidental blowouts have become increasingly rare. New
measures and procedures were also put in place to minimize the

- damage of an inadvertent blowout and to allow for a safe and
rapid evacuation of drilling rigs, precautions that are particularly
critical in offshore oil drilling.

Myron Kinley put out the first well blowout with explosives
in 1913 and a decade later he set up the first company to control
wild wells. Kinley trained Paul Neal Adair, who formed the Red
Adair Company in 1959 and became the most famous of all oil
well fire fighters, as well as Asger Hansen and Edward O.
Matthews, who, in turn, left Adair’s company in 1978 to set up
another famous well control outfit, Boots and Coots. In 1997
International Well Control (formed after Adair’s retirement and
the sale of his company) acquired Boots and Coots and reunited
the top expertise in fast control and safe capping of runaway
wells. Safety Boss in Calgary is another well control company
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operating globally. Extinguishing more than 700 oil wells set on
fire in Kuwait in March 1991 by the retreating Iragi army was
the biggest ever test of these dangerous skills.

Despite a high level of mechanization the operation of
modem oil drilling rigs still requires a great deal of heavy (and
often) dangerous labor during which most of the crew (now
typically about twenty workers per land rig) is exposed to
weather. The lowest ranking members of a drilling crew are
roustabouts who do all unskilled peripheral manual jobs ranging
from offloading and moving the drilling supplies, stacking drill
pipes and mixing drilling fluids to cleaning, scraping and paint-
ing the deck. Roughnecks handle all the manual tasks of the
drilling operation, adding new lengths of drill pipe, disassem-
bling the drill string prior to changing the drill bit or retrieving
core samples and cleaning all drilling equipment. Skilled jobs are
those of motormen, derrickmen, assistant drillers, and the driller
who supervises the entire crew and operates the pumps, draw
works and rotary table from a console in his control room.
Drilling usually proceeds round the clock, requiring two or
three shifts on land and two twelve-hour shifts offshore.

Better drills and faster drilling operations combined with the
need to search for oil in deeper reservoirs led to a steady increase
of both record and average drilling depths. Record US well
depths reached with rotary rigs increased from 300 m in 1895 to
more than 1.5 km by 1916; the 3 km mark was reached in 1930,
the deepest pre-WWII well was 4.5 km (in 1938) and the 6 km
mark was surpassed in 1950. Beyond this the drilling entered the
ultradeep range where high temperatures, high pressures and
often a highly corrosive environment, present new challenges.
Many of these wells were drilled in Oklahoma's Anadarko basin
where the 9 ki barrier was passed in 1974, The average depth
of new US wells drilled in 2005 in the search for oil was about
4.3 km, and that of development wells in producing oilfields
only about 1.6 km.
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the production of kerosene (by primitive thermal distillation) for
local lighting as well as for export (in skins) by camels and
ships. In 1837 Russians (Baku became a part of the czarist
empire in 1806) set up the first commercial oil-distilling
factory in Balakhani and in 1846 the world’s first exploratory oil
well was drilled to the depth of 21 m in Bibi-Heybat.

During the 1850s the msing cost of whale oil used for
illumination led a number of entrepreneurs to search for alterna-
tives and to the small-scale beginnings of new oil-based indus-
tries. In 1853 Abraham Gesner began to produce kerosene from
coal in his North American Kerosene Gas and Lighting
Company on Long Island. Ignacy Lukasiewicz, a Polish pharma-
cist, followed Gesner's work and became the first chemist to
distill kerosene from oil found in seeps near Krosno where he
opened an oil mine in 1854 and two years later the first distillery.
America’s first oil well was hand-dug near Black Creek hamlet in
a swamp in Lambton County in south-western Ontario in 1858
by Charles Tripp and James Miller Williams. Extraction was by
buckets dipped into the well and emptied into barrels which
were then transported for primitive refining in large, wood-
heated, cauldrons to yield kerosene and the residual lubricating
grease. By 1859 the area was experiencing the world’s first oil
rush as burgeoning Black Creek was renamed Oil Springs.

In the same year came the first US oil rush, Oil seeps in
western Pennsylvania were known by the Seneca tribe and
during the cighteenth century bottled ‘Seneca oil’ was sold as a
medicine. George Bissell, a New York lawyer, set up the
Pennsylvania Rock Oil Company (later Seneca Qil) after
Benjamin Silliman at Yale (hired by Bisscll) confirmed that
oil’s distillation yields kerosene. In 1859 Edwin Drake (sent by
Bissell to start regular production at Oil Creek near Titusville,
Pennsylvania) hired a local blacksmith to find the source of
the largest seep by drilling the first US oil well. After a slow
progress of about 1 m a day the well struck oil (extracted by a

Y i r——
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hand-operated pump) at the depth of 21 m on 27 August 1859.
The well initially yielded twenty-five barrels a day, but by
the year’s end the flow was down to fifteen barrels.

With the market limited largely to lighting kerosene and
lubricants the growth of new oil discoveries was relatively slow
during the closing decades of the nineteenth century. The
Canadian oil boom intensified in 1862 when Hugh Nixon
Shaw, going against the prevailing wisdom that no oil would be
found at depths below 20 m, produced the world’s first gusher
from the depth of 60 m, but soon the reservoir pressure began
to decline and the Qil Springs wells had to use steam pumps. A
second oil rush came with new discoveries at Petrolea (soon
renamed Petrolia), about 15 km north of Oil Springs, in 1865,
but the Ontario oil boom was over by 1891 when John D.
Rockefeller’s Standard Qil Company flooded the market with
cheaper American oil. The company was set up in 1870 and
within a decade it controlled about 80% of the market for
kerosene and other refined products.

In 1875 Ludwig and Robert Nobel (Alfred’s brothers)
launched their Caspian oil enterprise (which eventually became
Baku'’s leading oil-producing enterprise: Nobel Brothers
Petroleum Company) and in 1877 they built the world’s first oil-
carrying steamship, Zoroaster. In 1878 an oil gusher at Bibi-Heybat
demonstrated the oilfield’s exceptional size: the field eventually
produced enough crude oil to be classified as the world’s first
known giant oilfield, that is one with at least 500 million barrels
of recoverable crude oil (see figure 17). The Rothschild brothers
began investng in Baku in 1883 when they established the
Caspian and Black Sea Oil Industry and Trade Society.

The first US giant oilfields were Bradford (1875) and
Allegany (1879) in Pennsylvania and Brea-Olinda (1884) and
McKittrick (1887) in California. The first oil-producing well in
Texas was drilled in 1866 but the first economically important
strike was in 1894 in Corsicana, made by a city crew drilling for
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state’s biggest field, East Texas, was discovered by a wildcatter
C.M. Joiner who took up the claim after it was rejected by
geologists working for large oil companies as unpromising.
Another frenzied boom and another overproduction followed
and in August 1931 the field was placed under martial law and
the Texas Railroad Commission began to enforce a production
quota. East Texas was the largest of the three Texas giants that
began production between 1925 and 1950: the other two were
Yates, discovered in 1926, and Wasson, in West Texas near the
New Mexico border, in 1936. The latter field was exceptionally
large (about 25,000 hectares) and by the end of the 1990s its
cumulative extraction was surpassed only by the East Texas
oilfield.

Exploratory drilling began to expand just before the century’s
end and in retrospect it is clear that the entire first half of the
twentieth century was the golden age of oil discoveries as news
of new giant oilfields became commonplace. By 1900 the US
had only seven giant oilficlds, by 1925 the total had risen to
seventy-five, by 1950 the count had rsen to 220. Two
Californian fields were the largest American oilfields discovered
between 1900 and 1925, Midway Sunset in 1901 and
Wilmington Trend in 1922. Mexican crude oil production
began in 1901 and by 1920 the country was the world’s second
largest producer, and the top exporter, of crude oil. This
position was lost despite the discovery of Poza Rica field near
Veracruz in 1932, because of major Venezuelan finds and even
more impressive Middle Eastern oil discoveries. The first
Venezuelan giant, Mene Grande on Lake Maracaibo’s east coast,
was discovered in 1914, the supergiant Bolivar Coastal in 1917,
and two giants, La Paz and Quiriquire were added during the
1920s.

The first major Middle Eastern strike outside Iran was made
by Turkish Petroleum, set up in 1912 to seek concessions from
the Ottoman government to drill in Iraq. The deal was finally
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concluded with a new Iragi government in 1925 and oil was
discovered at Baba Gurgur just north of Kirkitk in October
1927. Production by the (renamed) Iraq Petroleum Company
began in 1934 and Kirkitk proved to be a supergiant that
produced the bulk of Iraqi oil until the Rumaila field near Basra
(discovered in 1953) entered production. In Iran exploration by
the Anglo-Iranian Oil Company added giants at Gachsaran and
Haft Kel in 1928, Naft-i-Said in 1935, Pazaran in 1937 and
Agha Jari a year later.

On 29 May 1933 the most important concession to date to
explore for oil was signed in Jiddah by the king ‘Abd al-‘Aziz
(the head of the newly constituted [in September 1932] state of
Saudi Arabia). California Arabian Standard Oil Company
(CASOC), an affiliate of Standard Oil of California (Socal,
today’s Chevron) made an initial payment of £35,000 in gold
for the rights to prospect for oil in al-Hasa (today’s Eastemn
province). Prospecting began in September 1933 and the first
giant oilficld, Dammam on the western shore of the Persian Gulf
near Dhahrian, was discovered in 1938. This find was soon
followed by discoveries of the nearby (and much larger) Abqaiq
and Abu Hadriya and Qatif (just north of Dhahrin). In 1944
CASOC became Arabian American Oil Company (Aramco)
and in 1948 the company discovered al-Ghawir south-west of
Dhahrin that was, after extensive drilling, confirmed in 1956 to
be the world’s largest accumulation of crude oil. 7

During the late 1940s came the discoveries of the first
Canadian giants in Alberta, Leduc-Woodland in 1947 and
Redwater in 1948. Russia’s, and after 1921 the USSR's, oil
extraction was dominated by the Caspian oilfields until after
WWII. Three giant fields were discovered in the Baku area,
Balakhani-Sabunchi-Romani in 1896, Karachukhur-Zykh in
1928 and Neft Dashlari in 1949. After WWII the region between
the Volga and Ural rivers rapidly emerged as the country’s largest
oil province, with giant fields discovered in Tuymazy (in what is
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126 Oil: A Beginner's Guide

. LIFTING OIL. _

External energy is needed to lift the fluid in a well bore. This has
been done using rod pumps, electrical submersible pumps and aiso
by gas lift. Rod (beam) pumps are readily recognizable because of
their characteristic massive assembly - a walking beam that is
moved by a pitman attached to a crank and counter weight usually
powered by a diesel engine — and because of their ponderous
nodding motion.

An electrical submersible pump was used for the first time in
Baku in 1917 but the practice spread only after Phillips Petroleum
introduced better designs during the 1920s. The latest designs
include pumps with longer strokes and slower speeds that
result in more complete pump filling and in higher pumping
efficiency; a low-profile unit that can work under center-pivot
irrigation pipes in cropfields; and an entirely new design that
replaces rods with computer-controlled cables. Modern
submersibles are multistage centrifugal pumps that are installed
just below the fluid in a well bore and electrified via an armored
cable. Subsurface hydraulic pumps use power fluid that flows
down an inner tubing string; the return flow of this fiuid, mixed
with the produced oil, goes through the annulus between the
tubing strings.

Where gas is readily available it can be used to lower the mass
of the liquid column (gas lift systems appeared for the first time
during the 1930s).

Artificial lift now dominates oil extraction. in 2005 Iran and
Kuwait were the only major oil producers where virtually all wells
flowed naturally. And in 2006, only about 6% of the nearly 810,000
operating wells around the world were flowing.

primitive sequence of oil extraction: initially they were produc-
ing as much oil as a reservoir’s natural pressure allowed (and all
too often drilling too many wells to do so), once the natural flow
ceased they deployed pumps and once the pumping became
uneconomical they considered a reservoir depleted and moved
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on. Natural gas associated with oil was simply released into the
atmosphere or it was flared.

Reservoir engineering, now a key pillar of profitable oil
extraction, began to evolve slowly during the 1920s and it
progressed more rapidly during the 1930s and 1940s. It has been
revolutionized by the deployment of directional and horizontal
drilling, by multilateral wells and by new methods of secondary
recovery and enhanced production

As already explined (in chapter 3), horizontal drilling
diffused rapidly during the late 1980s and 1990s. In addition to
the already noted advantages (above all increased production and
recovery rates) there are other appealing attributes of the
technique: it has made it possible to complete several wells from
a single location, a particularly welcome capability when
producing from offshore fields (where a single platform may
gather oil from many wells), in land locations that are difficult to
access and in situations where a number of smaller reservoirs can
be reached from a single wellhead; it reduces the number of
wells (or, even more importantly, of offshore platforms) needed
to develop the reservoir; and it makes it possible to position
wellheads away from environmentally sensitive locations and to
develop near-shore reservoirs from land.

Reservoir development through the use of multilateral wells
was first advocated in 1949 by Alexander M. Grigoryan. In 1953
in Ishimbaineti field (today’s Bashkortostan) Grigoryan used
downhole turbodrills (i.e. operating without rotating drill
strings) to drill the main 575 m deep wellbore that ended just
above the pay zone, and from that point he drilled nine branches

reaching into the production zone, one with a maximum
horizontal reach of 136 m. The world’s first multilateral well
cost about one and a half times as much as a vertical equivalent
but it resulted in a seventeen-fold increase in production, a
return that led to an additional 110 such wells being drilled
in the field. But because of the significantly higher costs of
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aRECOVERY (oont.)

SECONDARY OlL
is used in the process is dehvered by a pipelme from the Gulf
and bottom water is discarded, although further treatment may
be required to separate water that has become emulsified in
the oil.

' Water can also be mixed with polymers to enhance its viscosity
and to lower its mobility. Surfactants can be introduced to gather
oil and to surround it with a barrier, making it easier for the water -

- to push it to the surface. Steam flooding, consisting either of a
continuous injection of hot steam or of a cydlical introduction
of steam and water into a reservoir, is common in recovering
heavy oil.

Immiscible gas injection is a process replicating the natural

- gas cap drive and it has been used since the 1920s. More common,
and much more efficient, miscible gas injection (used since the
1950s) introduces supercritical compressed CO, into the gas cap.
Field management now routinely relies on optimally distributed
gas-injection wells to enhance reservoir pressure.

Other possible methods of improving oil recovery include
microemulsion flooding (very expensive); in situ combustion
whereby heat and steam created by the burning of bitumen is used
to drive oil from a formation (rarely used and risky); and microbial
recovery, inoculation with suitable bacteria to produce biosurfac- -
tants that act as emulsifiers or wetting agents.

Combined primary and secondary recovery can now extract as
much as 40-50% of the oil initially in place, that is 20-30% more
than in operations without enhanced recovery.

Completing wells under the sea is obviously much more
challenging than equivalent operations on land. Flow control
devices can be placed above the water line in shallow waters but
deep-water drilling has required the development of new subsea
production systems. Completed undersea wells (with Christmas
tree exposed to the surrounding water, sheltered in housing
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or buried in the seabed) are connected to manifolds on the
ocean floor and tied with electrical umbilicals and flow lines
to shallower waters. The new hardware and techniques needed
for these completions (subsea trees, remote robotic installations
and repairs) were pioneered in the Gulf of Mexico, where
the first submerged wellhead was installed in 16 m of water
in 1961.

The 1960s saw nearly seventy subsea completions (with wells
connected to fixed platforms in waters up to 190 m deep) as well
as the first multiple-zone completions tying a number of wells to
a single production facility. Increased drilling activity during the
1970s brought the first subsea tree systems that were installed
entirely below the seabed and the first applications of diverless
installation and maintenance of deepwater production sites (in
four wells in the Ekofisk field in the North Sea in 1971). The
North Sea was also the site of the world’s first floating produc-
tion system, set up at the Argyll oil field in 1975, and subse-
quently many similar arrangements have been used at other oil
and gas fields in the region as well as offshore Australia and
Brazil. The deepest subsea completion so far was a natural gas
well in 2,198 m of water installed by the drill ship Discoverer
Spirit in 2002.

Operations in waters deeper than 450 m could not use fixed
production platforms and the increasing volumes of offshore
extractions have required larger production facilities; by the end
of the twentieth century these structures included the most
massive mobile artefacts ever built. In the 1970s the world’s
tallest and heaviest drilling and production platform was
Shell’s Cognac in the Gulf of Mexico: at 308 m it exceeded the
height of the Empire State Building. In November 1982,
Statfjord B platform was towed from a construction dock to the
Norwegian sector of the North Sea: its four massive hollow
concrete columns and storage tanks at its base made it, at just
over 800,000 t, the heaviest object ever moved.
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In 1989 Shell’s Bullwinkle, sited in 406 m of water and weigh-
ing about 70,000 t, became the world’s tallest pile-supported
fixed steel platform. In 1983 the first tension-leg platform (TLP)
in the Hutton field in the UK sector of the North Sea was
anchored by slender steel tubes to the sea floor 146 m below the
surface. By 1999 Ursa TLP, a joint project of a group of compa-
nies lead by the Shell Exploration & Production Company, was
the largest structure of its kind (see figure 21). Its total displace-
ment is about 88,000 t (more than a Nimitz-class nuclear aircraft
carrier), it rises 146 m above water level and is anchored with
sixteen steel tendons to massive (340 t) piles placed into the
seafloor 1,140 m below the surface. SPAR, another innovative
design, is also moored with steel lines but its deck is supported
by a single large-diameter vertical cylinder.
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Figure 21 Ursa oil production platform in the Gulf of Mexico.
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More than 800,000 oil wells were in production worldwide
in 2006 and with a daily extraction of 73 Mbpd (oil only,
without NGL) this prorated to nearly 90 b/well a day — but
this is a perfect example of a misleading average, both on the
international and intranational level. The already noted highly
skewed distribution of oil field sizes (see chapter 2) must
also apply to individual wells. In 2006 roughly 63% of the
world’s operating oil wells (just over half a million) were in the
US where the average daily flow per well was just ten barrels.
But detailed US statistics show that 30% of wells produced
less than a barrel a day, some 77% of all wells produced less
than ten barrels a day (mean of 2.3) and that the mean for
85% of all wells was just 3.1/bpd. In contrast, the lowest
average national well productivity among the OPEC countries
was in Indonesia with about 107 bpd, followed by Venezuela
with about 165 barrels per well, while the Saudi daily mean
was more than 5,700 b per well and the Iranian rate was more
than 3,400 b.

Enormous differences in the productivity of oil fields, in their
location and in the nature of their flow (natural vs. assisted lift)
result in a wide span of production (lifting) costs, with extremes
between the least and most expensive operations ranging for
more than an order of magnitude. Naturally, supergiant and
giant oilfields in the Persian Gulf region have the lowest lifting
costs: some wells produce oil at less than twenty cents a barrel,
the Saudi oil minister quoted a nationwide mean of less than
-$1.50/b in 1999. In 2004 a former secretary general of OPEC
wrote that in a highly competitive world the organization could
produce and sell oil to satisfy the global demand at $5/b. And in
2005 Morris Adelman (the doyen of international oil econom-
ics) calculated the average cost of a Saudi batrel at post-2005
prices at $2.90 — but cautioned that the value was too high as it
includes the associated natural gas whose value cannot be
separated duc to the absence of adequate data. Given these
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In 1959 Universe Apollo was the first 100,000 dwt ship, in 1966
tshikawajima-Harima Heavy Industries launched the150,000 dwt
Tokyo Maru and later in the same year the 210,000 dwt idemitsu
Maru. By 1973 there were more than 350 very large or ultra large
crude oil carriers (with capacities in excess of 300,000 dwt), and
ships of 1 million dwt were expected to arrive soon. They were
never launched as tanker sizes peaked with the order of Seawise
Giant in 1975 and its enlargement three years later. The world's
largest ship was hit in 1988 during the Iran-lraq war but it was
subsequently repaired and the 564,763 dwt (nearly 459 m long)
vessel was relaunched, renamed twice and now, as Knock Nevis, it
is moored at Qatar’s al-Shahin oilfield where it serves as a floating
storage and offloading unit.

Figure 23 /watesan, a 300,000 dwt double-hulled VLCC built by Mitsui
Engineering & Shipbuilding in 2003.

s wom. -s':;. LARGEST TANKERS
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wom.n's LARGES! vTANKERS (cont.) iy

‘ Supertankers stopped growing not because of msurmountable

‘ technical problems or because of excessive cost (economies of scale
decline rapidly with size but they still continue) but rather because
of operational considerations (see figure 23). Very large crude
carriers (VLCC, between 240,00-350,000 dwt) and ultra large crude
carriers (ULCC, 350,000-500,000 dwt) can dock only at a limited
number of deepwater ports or must offload their cargo at special
offshore terminals connected to onshore storage sites and refiner-
ies by pipelines (and before these were in place they had to offload
their cargo to smaller vessels). A limited number of ports of call
makes the use of ultra large tankers less flexible and because of
their deep draft supertankers must also follow restricted routes in
near-shore waters or channels and they require very long distances
while maneuvering and stopping. For example, a typical 250,000
dwt tanker (more than 350 m long, 60 m wide, with a draft of
25 m and average speed of about 12 knots) takes over 3 km (or
fourteen minutes) to come to a full stop and its turning diameter
is 1.8 km.

tankers rarely carried more than 10,000 dwt. Rapid growth of
tanker capacities began only after WWII when the mass
produced T-2 tankers (16,000 dwt) were not needed by the
military after the conflict’s end and when some of the even more
numerous Liberty class ships (also 16,000 dwt) were converted
to tankers. Rapidly rising post-WWII demand for crude oil in
Europe and Japan then stimulated the development of larger
tankers and record sizes began to double in less than ten years.
As a result, the supertanker designation shifted from 50,000 dwt
ships (before the mid-1950s) to 100,000 and then to 200,000
dwt vessels.

Suezmax ships (up to 180,000 dwt) can pass through the canal
and shorten the trip from the Middle East to Europe, particu-
larly when they are loaded at Yanbu, on the Saudi Red Sea
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coast. But the additional distance around Africa, or the long
transport routes between the Persian Gulf and Japan, South
Korea and China, make little difference to the overall cost of
tanker shipping. The vessels are propelled by cheap diesel fuel,
incremental costs are thus quite negligible and oil transport by
supertankers adds only about half a cent to the retail cost of a
liter of gasoline. Some tankers are equipped with steam heating
coils in their cargo compartments in order to keep very heavy or
highly waxy crude oils or heavy refined products above their
pour point.

The energy costs of tanker shipping are equally marginal.
Moving Alaskan oil 3,800 km by tanker from Valdez to
Long Beach in California requires energy equivalent to only
about 0.5% of the transported fuel. And a 300,000 dwt
supertanker needs an equivalent of only about 1% of the fuel
it carries in order to travel more than 15,000 km from
Rias Taniira, the world’s largest loading oil terminal on the
Saudi coast of the Persian Gulf (annual capacity 6 Mbpd), to the
US East Coast. With rising US oil imports this run has
become more common but because the country imports a large
share of its needs from Canada, Mexico and Venezuela (nearly
40% of US imports come from the Western hemisphere) and
Africa (almost 20%) the Persian Gulf-US East Coast run still
moves less oil (not even 20% of US imports) than the already
noted Persian Gulf-Europe (via Suez or around the Cape of
Good Hope, a trip of forty days) or Persian Gulf-East Asia
routes.

The latter route leads through the world’s two most notori-
ous shipping chokepoints, the Strait of Hormuz between
Iran and Oman and the Strait of Malacca between Indonesia
and Singapore. Some 17 Mbpd now pass through the Hormuz
(or more than a third of global oil exports) a shipping channel
that is just over 3 km wide at its narrowest point. Most of the
oil for the world’s second (Japan), the third (China) and the
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fifth (South Korea) largest importers passes through the Strait
of Malacca (about 12 Mbpd now and more in the future as
China’s imports will rise) whose narrowest passage, the Phillips
Channel in the Strait of Singapore, is less than 2.5 km wide.
Other notable chokepoints with high potential for collisions,
sabotage or terrorist attacks are: the Turkish Straits (Bosporus
and Dardanelles) that has to be passed by all tankers taking
oil from the Black Sea to the Mediterranean; Bab al-
Mandab between Djibouti and Yemen, linking the Arab Sea
and the Red Sea; Kattegat and Skagerrak between Denmark
and Sweden (to move from the Baltic to the Atlantic); and,
of course, the Suez and Panama Canals (nearly 4 Mbpd
go through Suez, but only about 0.5 Mbpd through
Panama).

Finally, a few comparisons to show the global oil (and refined
products) trade that was made possible by tankers and pipelines
in several revealing perspectives. Global fuel exports were worth
almost exactly $1.4 tillion in 2005, or less than 8% of the
world’s total merchandise trade. In 2005, nearly half (47% or
37.9 Mbpd) of the total crude oil production was sold abroad
and exports of refined products amounted to about 12 Mbpd.
These transactions were valued at about $780 billion, or roughly
55% of all international fuel sales and their total was higher than
the world’s importers paid for food (about $680 billion) but
lower than the value of automotive products (about $910
billion). Although some forty-five countrics export crude oil

~ and more than 140 import it (or buy refined products), the oil
trade has always been highly concentrated, both in terms of sales
and purchases,

Exports from Middle Eastern countries dominate the global
oil trade: in 2005 the region shipped about 45% of all traded oil.
In 2005 the world's six largest exporters (with all totals in Mbpd)
were Saudi Arabia (9.1), Russia (6.7), Norway (2.7), Iran
(2.6), UAE (2.4) and Nigeria (2.3) and they sold just over
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half of the traded total, while the six largest importers — USA
(13.5), Japan (5.2), China (3.4), Germany (2.5), South Korea
(2.3) and France (2.0) — bought about 55% of all shipments. The
US alone bought about 27% of all traded oil, almost exactly as
much as did the whole of Europe. The US was also the largest
importer of refined oil products (nearly 30% of the world total),
followed by Japan with just over 20%. Altogether the US
imported 60% of its liquid fuels in 2006, with Canada being
its largest supplier and the Persian Gulf countries providing
just over 10% of the US demand. For some time crude oil
has also been the single most massively traded commodity; in
2005 shipments of iron ore totaled about 720 Mt, those of
natural gas and coal were each roughly 500 Mt — but crude oil
sales (1.9 Gt) and refined products (600 Mt) added up to 2.5 Gt
of liquid fuels.

Crude oil refining and its products

Crude oil can be burned unrefined and about 0.5% of the global
output is still used raw to generate electricity in a few oil-
producing countries. Refining, a paragon of value-adding
treatment, involves four basic categories of physical and chemi-
cal processes. Distillation (fractionation) separates individual cuts
(fractions, that is fuels with more homogeneous composition),
by heating crude oils first in atmospheric and then in vacuum
distillation towers. The yield of light distillates is increased by
isomerization, catalytic reforming, alkylation and polymeriza-~
tion. Heavy distillates are subjected to thermal and catalytic
cracking. And a variety of processes arc used to remove
unwanted trace compounds and to prepare environmentally
more acceptable final products that are shipped to specific
markets. 1 will explain the essentials of all of these operations
through a combination of a brief historic review of advances in

How oil is produced, transported and processed 147

refining and a description of a typical process sequence in a large
modern refinery.

All early refineries relied on simple thermal distillation, using
heat delivered as high-pressure steam in order to separate crude
oils into their principal fractions. Consequently, if a particular
crude oil contained only a small share of light fractions its
thermal refining produced largely medium and heavy liquids.
This mattered little undl the 1890s when most of the final
demand for refined products consisted of kerosene and lubricat-
ing oils, but it was a highly unsatisfactory outcome once
growing car ownership led to a rapidly increasing demand for
gasoline and soon afterwards for diesel oil. Unfortunately, as
already explained, most crude oils are not rich in light fractions.
Straight thermal distillation of the medium and heavy oils that
dominate the global market would yield only 10-15% of the
charged volume as the lightest fraction, and the worldwide
extent of driving and flying would be restricted by crude oil
quality. The industry needed a process that would break C-C
bonds to produce lighter compounds and catalytic cracking
provided the solution.

Modern refinery consists of a number of complex (sequential
and feedback) operations arranged and optimized to convert
crude oils into the most valuable combination of specific
products (see figure 24). The process starts with desalting
that removes not only inorganic salts (whose presence would
corrode the refinery pipes, units and heat exchangers) but also
suspended solids and water-soluble trace metals. Desalted and
‘dewatered crude oil is heated and led to an atmospheric crude
distilation unit (CDU) in whose tower the products are
separated by different boiling points into principal cuts that
include, gases, straight-run gasoline, light and heavy naphtha,
kerosenc and atmospheric gas oil. Petroleum gases (light ends)
include small alkanes (methane to butane) with boiling points
below 0°C. The two lightest gases — methane (CH,, with
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CATALYTIC CRACKING

The first breakthrough in producing lighter products from heavier
feedstocks came in 1913 when William M. Burton patented
thermal cracking of crude oil. Burton's process relied on the combi-
nation of heat and high pressure to break heavier hydrocarbons
into lighter fractions. A year later Almer M. McAfee patented the
first catalytic cracking process that became commercially available
by 1923: crude oil was heated in the presence of aluminum
chioride, a compound able to break long-chained hydrocarbon
molecules into shorter, more volatile compounds, and gasoline
yield was as much as 15% higher compared to thermal cracking.
But because the relatively expensive catalyst could not be recov-
ered and reused, thermal cracking (less effective but simpler and
cheaper) remained dominant until 1936 when Sun Oil's
Pennsylvania refinery in Marcus Hook installed the first catalytic
cracking unit designed by Eugéne Houdry to produce high-octane
gasoline.

Houdry's fixed-bed process allowed for the recovery of the
catalyst but it required a temporary shutdown of the refining
operation while the aluminosilicate catalytic compound was
regenerated. Soon afterwards Warren K. Lewis and Edwin R.
Gililand replaced Houdry's fixed catalyst with a more efficient
moving-bed arrangement whereby the catalyst circulated between
the reaction and the regeneration vessels. This process boosted
gasoline yields by 15% and by 1942 90% of all aviation fuel
produced for the US war effort was made using this system. An
even higher yield was achieved with the invention of powdered
catalyst suspended in the air stream {and behaving like a fluid) by
four Standard Oil chemists in 1940.

Fluid catalytic cracking (FCC) takes place in a reactor under high
temperature (540°C) in less than four seconds. The process of FCC
was further improved, beginning in 1960, with the addition of
synthetic zeolites. Zeolites are crystalline aluminosilicates whose
uniformly porous structure provides an exceptionally active and
stable catalyst, improving the gasoline yield by as much as 15%.
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CATALYTIC CRACKING (cont.)

The last important addition to the techniques of oil refining
came during the 1950s when the Union Oil Company developed
the process of hydrocracking (proprietary name, Unicracking).
This process combines catalysis at temperatures above 350°C
with hydrogenation at relatively high pressures, typically at
10-17 MPa. Large-pore zeolites loaded with a heavy metal
{platinum, tungsten or nickel) are used as dual function (cracking
and hydrogenation) catalysts, the main advantage of the process
is that high yields of gasoline are accompanied by low yields
of the two lightest, and least desirable, alkanes (methane and
ethane).

boiling point at -161°C) and ethane (C,H,) — are sent into
pipelines or burned to produce energy for refinery operations;
processing separates LPG (liquefied petroleum gases, mostly
propane and butane) that is used as chemical feedstocks or sold
for use as household and industrial fuel for space and process
heating and cooking.

Light (straight-run) naphtha (compounds with 5-7 carbons)
boil away at 27-93°C and heavy naphtha (6-10 carbons) at
93-177°C. Kerosene is a mixture of alkanes and aromatics with
10-14 carbons and it separates at between 175-325°C. Light gas
oil {diesel oil), with alkanes containing 14-18 carbons, boils at
between 204-343°C, and is the heaviest cut from a CDU;
besides being the second most important road transport fuel it is
also used as heating oil and a chemical feedstock. Streams
coming from a CDU are first sent to a hydrotreater where they
are heated to the maximum of 430°C, mixed with hydrogen
and passed over cobalt or molybdenum catalysts: hydrogen’s
catalytic reaction removes most of the sulfur and nitrogen
present in the liquid as hydrogen sulfide and ammonia.
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and boost the share of gasolines to 45%. These adjustments
make it possible to meet specific national and regional demand.
For example while in 2005 the global shares of light and
middle distillate and fuel oil were, respectively, 31%, 46% and
11%, the US shares were 46%, 30% and 4%, EU cuts were
23%, 46% and 11% and the Chinese breakdown was 35%, 34%
and 13%.

The US, with its high level of road traffic, now consumes
almost half of its refined products as motor gasoline and about a
quarter as gas and diesel oil; in contrast, Japan's share of gasoline
is only 22% but gas and diesel oils account for nearly 30%, and
China’s respective shares in 2005 were about 17% and 33%.
Important shifts, reflecting changing demands, also take place
over time. Since 1945 gasoline has accounted for roughly the
same share of the US refinery output (about 45%) but the
percentage of fuel oil fell from about 20% to less than 5%, while
that of kerosene rose from less than 1% to nearly 10%. A closer
look at the most important refinery products makes clear their
unique qualities and specific uses.

With annual output of about 900 Mt gasolines are the
world’s most important refined products in terms of price; in
mass (or volume) terms gas and diesel oils are more important
in the EU, Japan and China but not in the US and Canada.
Straight-run naphtha, reformed naphtha and streams from
hydrocracking, fluid catalytic cracking, isomerization and
alkylation go into their blending. Typical gasoline contains
roughly 15% straight-chain alkanes (C,-C,), 25% branched
alkanes (C,-C,,) and the same share of alkyl benzenes (C.-C,).
All gasolines are highly volatile and flammable and new
environmental regulations require a very low presence
(maximum 50 ppm) of sulfur. All of them require additives to
improve the efficiency of their conversion as well as to prevent
oxidation and rust formation. Gasoline was used only very
inefficiently in all early internal combustion engines because
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ENGINE KNOCK

In internal combustion engines the compressed fuel-air mixture
is ignited from the top of the cylinder by a spark: within half a
millisecond an ignition wave starts to propagate downwards,
but in the presence of high pressure and high temperature
the unignited fuel-air mixture can begin to combust sponta-
neously, sending a pressure wave in the opposite direction to
that of the spreading ignition flame, resulting in a characteristic,
and violent, engine knock. Heptanes are particularly prone to this
spontanecus ignition caused by compression while octanes are
resistant. Retarding the spark reduces the knocking but the
only way to avoid it was to operate the engines at low com-
pression ratios and thus lower their efficiency: in early internal
combustion engines the ratio was held below 4.3:1 inevitably
limiting the engine efficiency and raising worries about the
adequacy of post-WWI crude oil supplies. A General Motors
team, led by Charles F. Kettering, researched remedial options
and identified ethano! as an effective anti-knocking ingredient
that made it possible to use gasolines with a higher share of
heptanes.

But large-scale production of ethanol was prohibitively expen-
sive and the only other known alternatives (bromine and iodine)
were even more costly. This led the company to search for new
inexpensive options. A team led by Thomas Midgley first ran some
promising trials with tetraethyl tin before confirming, in 1921, that
tetraethyl lead was a highly effective anti-knocking agent even
when added at concentrations as low as 1/1000 of the fuel's
volume. The first leaded gasoline was marketed in February 1923
and its use allowed the compression ratio of internal combustion
engines to climb above five and eventually to reach the modern
range of 8:1 - 10.5:1. Substantial fuel savings in road transporta-
tion were not the only benefit: leaded gasolines made it possible
to build more powerful (and hence faster) and more reliable

aeroengines.
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when heated, hard when cooled) materials have made them one
of the most ubiquitous constituents of our constructed world.
Asphalts are either straight-run products or (for higher viscosity)
are made by blowing air through hot liquid asphalt. Polymers,
including polybutadiene in the form of ground tires, can also be
added.

Oil refining is by far the most energy-intensive part of the
entire sequence of liquid fuel production. US data shows that,
on average, the country’s refineries consume an equivalent of
about 11% of the energy in the processed crude oil, mostly as
hot steam, electricity and gases. After subtracting the non-fuel
products (lubricants, tar, asphalt) the net energy content of
refined fuels is about 85-88% of the energy in the crude oil.
Specific studies indicate that gasoline contains 610 times more
energy than the energy cost of its refinery.

Crude oil refining, producing a wide variety of highly
flammable gases and liquids, requires safety precautions in locat-
ing the processing and storage facilities, preventing spills and
facilitating fire fighting. Minimum spacing of 60—75 m is manda-
tory for separation of units within a refinery and typical through-
puts of about 2.5 t of crude oil/m? means that a large (500,000
bpd) facility requires at least 1,000 hectares, although they can
be much larger.

In 2005 the worldwide capacity of 661 operating refineries
produced 85 Mbpd. Predictably, the largest consumers of liquid
fuels had the largest total refining capacities. The US led with
about 17 Mbpd, followed by China (6.5), Russia (5.4) and
Japan (4.5). As for the largest oil companies, Exxon Mobil and
Royal Dutch Shell could each process more than 5 Mbpd in
their refineries located around the world, while the aggregate
capacities of BP and China’s Sinopec approached 4 Mbpd.
Because of the rising demand for refined products this capacity
was less than 5% larger than the aggregate consumption of crude
oil, and among the major consumers of liquid fuels only Russia

S A R
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had a large capacity surplus while the US, Japan and China were
all net importers of refined fuels.

As with so many other industrial processes, the closing
decades of the twentieth century have seen a trend towards
consolidation and increasing unit sizes (leading to economies of
scale) in crude oil refining. For example, in 1980 the US had just
over 300 refineries, nearly as many as right after WWII, but by
2000 the total had halved to about 150. Large modern refineries
now commonly process in excess of 100,000 barrels per day, that
is at least 5 Mt of crude a year, and the top ten produce in excess
of 500,000 bpd. The world’s largest refinery in 2006 was
Venezuela’s Cardon/Judibana in Falcon with the capacity of
940,000 bpd. Three of the world’s ten largest refineries were in
South Korea, including Ulsan, the second largest (817,000 bpd),
and three belonged to Exxon Mobil (Jurong Island in Singapore,
Baytown in Texas and Baton Rouge in Louisiana). The world’s
third largest refining complex was in Jamnagar in India, the
expanded Saudi Ras Tantra (550,000 bpd) was the largest refin-
ery in the Middle East and Europe’s largest facility was Pernis in
the Netherlands.

Refincries usually have on-site capacity for storing enough
crude oil for two weeks of operation. Voluminous storage is
also needed at export oil terminals to fill the tankers and
at the starting points of large pipelines to dispatch the custom
batches of crude oil or refined products. Much smaller storage
tanks are common at many industrial establishments. By far
the largest oil storage is the US Strategic Petroleumn Reserve
that began to fill in 1977. Crude oil is stored deep underground
in four massive salt caverns along the Texas and Louisiana
Gulf Coast. The maximum capacity is 727 Mb and the reserves
stood at 688 Mb in January 2006. This reserve represents about
two months of US oil imports and private company reserves
increase this to nearly 120 days, well above the International
Energy Agency's requirement of 90 days of import protection.
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Aggregate commercial oil stocks in OECD countries have
been recently fluctuating between 2.4-2.7 Gb. Consequently,
the Western world is now much better prepared to weather any
sudden, large-scale oil import interruptions than during the
1970s, and China has followed this example and has recently
been filling its new strategic oil reserve.

Ay

How long will
oil last?

This chapter’s title is a loaded question with multiple answers.
The most obvious answer — if the question is taken literally and
purely in terms of physical presence — is as long as the planet
Earth. Even the best conceivable enhanced recovery techniques
will still leave behind a substantial share of the oil originally
present in reservoir rocks. More importantly, the excessive cost
of discovering and producing liquid oil that is stored in count-
less tiny, marginal or virtually inaccessible formations, and
unappealing returns on extracting liquid hydrocarbons from
most of the known oil sands, oil shales and tar deposits will
ensure that a significant share of the oil originally in place in the
Earth's crust will be never brought to the surface.

If the question means simply how long there will be some
commercial production of crude oil then the answer is also easy:
definitely throughout the entire twenty-first century. Even those
who argue that the peak of global oil extraction is imminent
must concede that we have yet to discover many giant reser-
voirs, and the historical experience shows that some of these
accumulations can remain in commercial production for over a
century. And there is a good probability that this answer holds
even if the volume of oil to be commercially produced by 2100
were to amount to a still significant share, say 5-10%, of the
global energy demand. But I will not try to answer the question
of how long crude oil will remain the single most important
fossil fuel in the global primary energy supply, nor will I predict
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when global oil extraction will reach its peak and begin to
decline. Answers to these questions are contingent on the
unknown magnitudes and trends of many variables and any new
predictions of the peak production year would only extend an
already long list of failed forecasts of this kind.

What 1 will do instead is to provide a proper historical
perspective on oil’s role in the global energy supply. Then I will
survey the fallacies and facts concerning the currently fashion-
able catastrophic prognoses of an imminent end of the oil era —
the sentiment embodied in publications whose titles claim that
we have already reached the production peak, that the party’s
over, or, in the most extreme fashion, in Richard C. Duncan’s
Olduvai theory, that the decline of oil extraction will plunge
humanity back to a life comparable to that in the famous gorge
where some of the first primitive hominids lived 2.5 million
years ago. Finally, [ will Jook beyond oil, outlining briefly some
major means of providing liquid fuels from sources other than
conventional crude oil.

0il in the global energy supply

If oil’s importance were to be judged by the frequency with
which the words oil, crude oil or petroleum are mentioned in the
media or by politicians, the inevitable conclusion would be that
no other source of energy is more important for the survival of
civilization. This would be an incorrect and indefensibly
exaggerated notion. Undoubtedly, liquid fuels have had an
enormous impact on the modern way, and quality, of life, but
outside of North America they became very important only
during the last two generations, after 1960 in Europe and Japan,
and since the 1980s in the populous countries of Asia. Global
dependence on oil is thus a relatively new phenomenon, and this
reality should forcefully remind us that we should not exaggerate
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the fuel's indispensability: we had ingenious industrialized
socicties capable of delivering a decent quality of life long before
oil consumption rose to its current Jevel — and there will be
prosperous societies supporting a good quality of life long after
liquid hydrocarbons have become minor constituents of the

global energy supply.

ENERGY TRANSITIONS

Pre-hydrocarbon industrializing societies were energized by coal
and also by the generation of hydroelectricity. Coal, the quintes-
sential fuel of the nineteenth century’s industrialization, continued
to dominate the global supply of commercial energy during the
first half of the twentieth century: its share declined slowly, from
about 95% of the industrial total in 1900 to nearly 80% of the total
in 1930 and to just over 60% by 1950. Meanwhile, crude oil
provided just 4% of the world’s primary energy in 1900, 16% by
1930 and 27% by 1950 when natural gas supplied about 10% of
the total (see figure 25). In many leading economies coal was much
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Figure 25 Global shares of primary energies, 1900-2006.
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ENERGY. TRANSITIONS (cont.)

more dominant; even by 1960 its share in primary energy supply
was nearly 60% in Japan, 61% in France, 77% in the UK and 80%
in Germany, at that time fuelling the country’s impressive
economic expansion.

Global transition from coal to hydrocarbons accelerated during
the 1960s: 1962 was the first year when coal provided less than half
of the world's primary energy. Later, because of oil’s numerous
advantages, even the two rounds of OPEC’s oil price increases
could not stimulate coal’s comeback. The most important factors

- that explain coal's continuing retreat are the relatively high cost of
its underground extraction, its inflexibility of use and the consider-
able environmental impact of its production and combustion (the
latter including acid precipitation and high carbon emissions).

But there is no doubt that the post-1972 OPEC-driven oil price
rises have definitely helped to stow down coal’s global retreat,
from about 34% of the total supply of primary commercial energy
in 1970 to 30% by 1990 and 23% by the year 2000; then, thanks to
the surge of coal mining in China and India, came a rebound to
28%. And, coal remains more indispensable than oil even in the US,
a society addicted to massive consumption of gasoline and
kerosene: slightly over half of America's electricity is now gener-
ated by burning coal (the rest coming from nuclear and hydro-
generation and from gas-fuelled turbines, with oil contributing a
mere 3%). If that coal were to disappear what would then electrify
half of all refineries, gasoline pumps at filling stations, street lights
or car factories, not to mention incubators for premature babies or
machines used during heart by-pass surgery

The best global aggregate count indicates that during the
twentieth century coal and crude oil supplied roughly the same
amount of primary energy, each approximately an equivalent of
125 Gt of oil, but during the century’s second half crude oil’s
energy surpassed that of coal roughly by a third. Refined oil
products became the world’s leading source of fossil fuels in
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1966 and their share peaked during the 1970s at about 44%; by
1990 it was down to 37%, then it rebounded (thanks to low oil
prices) to 41% by the year 2000, but by 2005 crude oil’s mrsnn
slipped to 36% of global primary energy supply, the lowest 1t has
been since the early 1960s. This long-term view puts the impor-
tance of crude oil in global energy supply into a proper histon-
cal perspective. By 2006 oil had been the largest component of
the global primary energy supply for only forty years .»:m during
that period its consumption rose more than 2.3 times, from
about 1.65 to 3.9 Gt a year (or more than 81 Mbpd).

But crude oil has never reached coal’s massive dominance and
despite the continued absolute growth of its nonmE:vmm: it has
actually been in relative retreat as coal’s Asian expansion and
greater worldwide reliance on natural gas combined to ..Emv@
just over half of all commercial energy in 2005. And with the
retreat of liquid fuels from electricity generation (less than 7% of
all refined fuels were burned in power plants in 2005) and
residential uses such as heating and cooking (now also less than
7% of global demand for liquids), the consumption of refined oil
products has become even more concentrated in the transporta-
tion sector. But because this sector has become such a critical
component of all affluent economies and because &&jm and
flying are such ubiquitous activities, it is no exaggeration to
conclude that at the beginning of the twenty-first century
modem civilization is defined in many important ways by its use
of liquid fuels and hence it will go to great lengths to ensure
their continued supply.

And it must be repeated that this importance goes beyond the
reliance on high-performance fuels, be they for cars or
aeroplanes: oil-derived Jubricants are indispensable for countless
industrial tasks, modern transportation  infrastructures are
unthinkable without oil-derived paving materials, and syntheses
of scores of plastics begin with oil-derived feedstocks. All of
these benefits derive from the extraction of a resource that is not
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renewable on a civilizational timescale, and since the mid-1990s
the questions about its durability have been recciving increas-
ingly worrisome answers from some oil geologists whose
arguments have been given prominent coverage by the media.
Nearly all of those who argue that the peak of global oil produc-
tion is imminent do not foresee any subsequent comfortable
plateau but a rapid decline and assure us that its incvitable conse-
quences will be the end of modern prosperity and an intensify-
ing fight over the dwindling oil resources. I will deconstruct
these scares and show why such bleak scenarios are not likely to
prevail.

Oil peaks

The basic assumptions tirelessly repeated by the proponents of
the theory of an imminent peak of global oil production are as
follows. When we compare the total volume of the estimated
ultimate recovery (EUR) of oil with the worldwide cumulative
production we see that (depending on the somewhat uncertain
size of EUR) we have already extracted half of the EUR or are
about to do so in a matter of years. At that time global oil
production reaches its peak and because its complete cycle must
follow a function described by a normal (bell-shaped, Gaussian)
curve (with the area beneath the curve equal to EUR), the peak
must be followed by a fairly steep decline. Given the importance
of oil for modem civilization this inevitable decrease in annual
oil production will have enormous consequences, with some of
the leading peak oil theorists going as far as writing obituaries of
modern civilization.

Ivanhoe believes that an early end of the oil era will bring
“the inevitable doomsday” that will be followed by “economic
implosion” that will make “many of the wortld’s developed
societics look more like today’s Russia than the US.” For
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Richard Duncan the peak is “a turning point in human history”
leading to massive unemployment, breadlines, homelessness and
a catastrophic end of industrial civilization. In fact, all of the
leading proponents of the theory of the imminent peak of global
oil extraction {Colin Campbell, Jean Laherrére, L.F. Ivanhoe,
Kenneth Deffeyes) resort to alarmist arguments. Their writings
and speeches mix incontestable facts and sensible arguments with
indefensible assumptions and caricatures of complex processes as
they ignore those realities that do not fit their preconceived
conclusions. .

Their conclusions are based on simplistic interpretations.
Values of EUR are not at all certain, and tend to rise with better
understanding of petroleum geology, with frontier exploration
and with enhanced recovery techniques. Moreover, the propo-
nents of an imminent peak of global oil extraction disregard the
role of prices, they ignore historical perspectives, and they
presuppose the end of human inventiveness and adaptability. But
it is precisely their bias and their catastrophic message that have
attracted the mass media (ever eager (o spread new bad news)
and impressed 2 scientifically illiterate public. My critique rests
on three fundamental realities. First, these recent peak oil
worties are only the latest instalment in a long history of failed
peak forecasts. Second, the claim of peak-oil advocates that this
time the circumstances are really different and hence their
forccasts will not fail mixes correct observations with untenable
assumptions. Third, and perhaps most importantly, when
contemplating a world with little or no oil, a gradual decline of
global oil production does not have to translate into any
economic and social catastrophes.

Public concerns about running out of fossil fuel resources date
to 1865 when William Stanley Jevons, a leading economist of
the Victoran era, published a book in which he concluded that
it is “of course . . . useless to think of substituting any other kind
of fuel for coal” and that the falling coal output must spell the
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end of Britain’s national greatness. In reality, the UK's coal
extraction continued to expand until the second decade of the
twentieth century and its subsequent decline had nothing to do
with the exhaustion of resources, and everything to do with the
arrival of new fuels. In 2005 the UK’s remaining coal reserves
still amounted to hundreds of millions of tons but extracting the
fuel was an unappealing proposition compared to producing
crude oil and natural gas from the North Sea. In 2005 the
world’s proved reserves of coal were nearly one Tt, and this total
could be multiplied with more exploration and with advanced
mining techniques. Clearly, coal’s relatively rapid post-1950
retreat has had little to do with ‘running out.’

OIL’S REPEATED END

Published reports about the imminent end of oil production can be
traced as far back as the 1870s, and fears about running out of
liquid oil were quite strong in the US during the early 1920s. But
the most influential argument was made by M. King Hubbert who
postulated that mineral resource extraction follows an exhaustion
curve that has the shape of normal (symmetrical, bell-shaped)
distribution: its peak is immediately followed by a decline whose
course mirrors the production rise. Hubbert used this approach to
accurately predict the peak of US oil extraction in 1970, and the
symmetrical exhaustion curve thus acquired the status of an infal-
lible forecasting tool: once the recoverable resources are known
and the past production is plotted then a symmetrical continuation
of the curve shows the peak extraction year, declining production
and the timing of eventual resource exhaustion.

Hubbert's own forecast put the peak of global oil extraction
between the years 1993 and 2000: in reality, global output in 2005
was 23% above the 1993 level, a substantial error that is that never
cited alongside the correct prediction of the timing (although not
of the level) of the US peak. In 1977 the Workshop on Alternative
Energy Strategies set the global oil peak as early as 1990 and most
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OIL’'S REPEATED END (cont.).

likely between 1994 and 1997. In 1978 Andrew Flower wrote in
Scientific American that “the supply of oil will fail to meet increas-
ing demand before the year 2000.” In 1979 the CIA believed that
the global output must fall within a decade. In 1990 a USGS study
put the peak of non-OPEC oil production at just short of 40 Mbpd
before 1995 - but the actual output was more than 47 Mbpd in
2005. Some of the latest peak-of-oil proponents have already seen
their forecasts fail: Campbell's first peak was to be in 1989,
Ivanhoe’s peak was in 2000, Deffeys set it first in 2003 and then,
with ridiculous accuracy, on Thanksgiving, 2005.

One would think that this record would dissuade more entries,
but the true believers cannot resist enlarging this list of failures.
Now we are told that missing a year or half a decade is irrelevant
and that the failure of forecasts produced during the 1970s or
1980s should not be used to argue for a high probability (or
certainty) of future failures. Their principal argument is that, unlike
20-30 years ago, exploratory drilling has already discovered some
95% of the oil that was originally in place in the Earth's crust.
Consequently, more frantic and more extensive drilling efforts will
make no difference: all it will do is discover the small volume of
remaining oil faster. And, they also argue that efficiency improve-
ments (even outlawing SUVs) or a new-found frugality in affluent
countries cannot make any fundamental difference: the slower
increase in global oil demand (the increase itself being guaranteed
by the huge oil needs of modernizing countries) would only
slightly postpone the timing of the peak.

Claims about an imminent peak of global oil extraction
followed by a precipitous demise of the oil era ignore several
fundamental facts. To begin with, there is the most obvious
factual correction: even if we were to subscribe to the inevitabil-
ity of global oil extraction peaking before the year 2010 the
Hubbertian reality is that half of all oil is yet to be extracted after
that date, and the decline close to a normal curve shape would
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mean that we would still have more than a century of oil
production ahead of us. This means, for example, that a
symmetrical curve with the peak at, say, 85 Mbpd in 2010
would imply global extraction of 65 Mbpd in 2030 and nearly
50 Mbpd by 2050. Clearly, the catastrophist belief that the oil
era is nearly over is false even when we posit an imminent peak
in oil production.

Proponents of an early oil peak are correct in noting an
unfortunate absence of rigorous international standards in
reporting oil reserves and in pointing out that many officially
claimed oil reserve totals (when national figures cither do not
change at all from year to year or take sudden large jumps) have
been politically motivated and should not be trusted. But this
uncertainty cuts both ways: if there are politically motivated
overestimates of oil reserves there is also a considerable uncer-
tainty about the volume of ultimately recoverable oil. We will
know the true extent of oil in place only once we have explored
all of the world’s sedimentary basins (including deep offshore
waters) with an intensity that matches that of the land explo-
ration of North America and the near-shore sector of the Gulf
of Mexico. Morris Adelman put it succinctly: “To know
ultimate reserves, we must first have ultimate knowledge.
Nobody knows this, and nobody should pretend to know.”

And yet there is no end of this pretending. Peak oil writings
endlessly stress Hubbert’s triumph of accurately forecasting the
US oil production peak in 1970. But what they ignore is hardly
trivial. First, his peak forecast was 20% lower than the actual
production peak of 11.3 Mbpd. Second, his peak forecast was
based on an EUR of 200 Gb, the total that he himself had raised
from the 150 Gb that had he estimated just a few years earlier -
but between 1859 and 2005 the US oil industry had already
produced 192 Gb, it is still the world’s third largest producer of
crude oil, and it had 32 Gb of remaining reserves. Clearly, the
post-peak decline of US oil production has not been a mirror
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image of the incline, and the country’s oil extraction has not
followed a symmetrical curve: in fact, the 2005 extraction was
necarly 70% higher than Hubbert’s forecast, and the cumulative
production between 1970 and 2005 was about 15 Gb larger, or
six times the country’s 2005 output (see figure 26).

Tellingly, these notable misses are never mentioned by the
proponents of an imminent peak of global oil production and
Hubbert’s forecasting record continues to receive much unmer-
ited and uncritical admiration. I believe that this celebrated peak
oil forecasting ‘success’ should raise some serious doubts not
only because of its substantial errors but also because of its
general applicability. Hubbert underestimated the US EUR
because he had no knowledge of the Prudhoe Bay supergiant or
of coming giant finds in the Gulf of Mexico. As the rest of the
world has been explored with considerably lower intensity than
the US it is obvious that any EUR is just that, an estimate
subject to revision, not a fixed total. Indeed, one of the main
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Figure 26 Hubbert's forecast of US peak oil production and the subse-
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peak oil proponents, Colin Campbell, raised his own EUR from
1.578 Gb in 1989 to 1.95 Gb in 2002, a nearly 25% increase in
just a dozen years.

Given all these points I currently see no persuasive reason to
choose the most conservative estimates of the ultimately recov-
erable conventional oil offered by the advocates of an early peak
rather than the much higher totals favored by other geologists.
Most notably, the latest assessment by the US Geological Survey
(and hardly the final total) offers the following division among
the three key categories: by the late 1990s roughly 710 Gb of oil
were produced worldwide, leaving about 890 Gb of remaining
known reserves; nearly 690 Gb should come in the future from
reserve additions in currently known fields, and roughly 730 Gb
are yet to be discovered, giving an EUR of about 3.020 Tb.

All of these figures are the means of 95%, 50% and 5% proba-
bility estimates, but even the first confidence limit (near
certainty) puts the undiscovered reserves of conventional oil at
400 Gb, that is nearly three times as much as a typical claim by
those who see an imminent peak of global oil extraction.
According to the USGS the following six basins have the largest
resources of undiscovered conventional oil: the Mesopotamian
Foredeep Basin, the West Siberian Basin, the as yet completely
unexplored East Greenland Rift Basin, the Zagros Fold Belt, the
Niger Delta and the Rub al-Khali Basin of eastern Saudi Arabia,
In North America the best prospects for major new oil discov-
eries are in northern Alaska, in the Canadian Arctic and in the
Gulf of Mexico.

In Latin America large reserve additions will come in
Venezuela and in Brazil's offshore waters, perhaps most impor-
tantly in Foz do Amazonas, in the delta of the river. Most of
Affica’s untapped oil resources are in waters off Congo and
Niger, but significant potential remains in Algeria and Libya. In
the Middle East both of the two leading producers, Saudi Arabia
and Iran, will see substantial new discoveries, as will Iraq. The

s
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latest indicator of this potential is the discovery of a major new
Saudi oil and gas field 70 km south-east of al-Ghawir in the
Eastern province that was announced in February 2007.
Elsewhere in Asia prospects are not that great either in China or
in Indonesia but Kazakhstan’s huge oil resources remain largely
untapped and more oil will be found in the enormous Timan-
Pechora Basin west of the Urals. Europe’s most promising
unexplored regions are the offshore waters of the Atantic
margin west of Scotland.

To sum up, the entire notion of an imminent peak of global
oil production is based on three key claims: that recoverable oil
resources are known with a high level of confidence; that they
are fixed; and that the history of their recovery is subsumed by
a symmetrical production curve. None of these claims is true.
EUR cannot be known with a high degree of confidence as long
as large areas of the Earth remained unexplored or only curso-
rily assessed, and it is not fixed, as values initally cited for an
oilfield’s EUR tend to grow with time due to additional drilling
and to higher recovery rates. This means that EUR for recently
discovered fields definitely underestimate their eventual cumula-
tive production. And the history of US oil extraction is far from
being the only case of not following a symmetrical production
curve.

The shape of the curve (incline or decline) is also greatly influ-
enced by adjustments in demand, a phenomenon clearly demon-
strated by the decline and stagnation of global oil consumption
between 1979 and 1994. Even greater discontinuities are possible
if deliberate management were to shape the profile of future oil
demand. If a looming physical shortage of oil were to become a
matter of humanity’s survival, then clear priorities could ensure
an extended period of adequate supply by allocating the refined
fuel according to a firm hierarchy of priority uses. Fuel for
agricultural machinery, indispensable aviation and feedstock for
essential petrochemical syntheses would be in the first category;




172 Oil: A Beginner's Guide

fuels for long-distance transport of perishable goods in the second
(but all railway traffic should be electrified); and gasoline and
diesel for passenger cars would get the lowest ranking.

Conséquently, a large number of future production curves
can be drawn on the basis of preferred information (see figure
27). EUR of 1.8 Tb of which only 150 Gb remain to be discov-
ered would mean that world oil extraction is already at its peak,
while EUR of about 3 Tb would (depending on the future rates
of consumption) imply a peak of conventional oil extraction
sometime after 2020 and mcan that global production during the
2040s could still be as high as in the early 1980s. But all of these
assessments convey an inappropriately narrow resource perspec-
tive. As Laherrére (one of the most vocal proponents of an early
peak oil production) conceded, with the addition of the median
reserve estimates of natural gas liquids (200 Gb; USGS put it at
about 325 Gb) and non-conventional oil (700 Gb) there would
be still some 1.9 Tb of oil to be produced, double the amount
of his estimate for liquid crude oil alone.
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Figure 27 Possible oil production curves during the twenty-first century.
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In 2006 an assessment by Cambridge Energy Research
Associates took these unconventional resources into account and
it put the global oil resource base (including the historical
cumulative production if 1.08 Tb) at 4.82 Tb (and likely to
grow) which means that 3.74 Tb still remain to be tapped and
that what is ahead for the global oil production of the next half
a century or so is an undulating plateau rather than any steep
decline mirroring the historical run-up. But even if we had a
perfect knowledge of the world’s ultimately recoverable oil
resources the global oil production curve could not be drawn
without also knowing the future oil demand. This is impossible
because demand will be driven, as in the past, both by
predictable forces (including growing populations and higher
disposable income) and by unpredictable political and socio-
economic changes and, above all, by new technical advances.

To quote Adelman once again: “To predict ultimate reserves,
we need an accurate prediction of future science and technol-
ogy.” Of course we do not have this and three prominent
historic examples illustrate this ignorance. In 1930 nobody could
have predicted the introduction of commercial jet aircraft by
1960, an innovation that created a large new consumer of
kerosene. In 1960 nobody could have predicted oil prices rising
by an order of magnitude as a result of OPEC's actions, a polit-
ical shift that, for the first time since the 1860s, led to a notable
decline in global oil demand. And in the early 1980s, as ol prices
set new records, nobody could have predicted that in 2005 half
of the passenger-carrying vehicles in the US would be gasoline-
guzzling SUVs, pick-up trucks and vans.

Technical, social and economic shifts can obviously boost or
depress future demand and any linear assumptions based on the
past rates (be they longer lasting or short-term) are risible. US oil
demand rose 50% between 1965 and 1973 but less than 2.5%
during the two decades between 1979 and 1999; Chinese
consumption jumped nearly 16% in 2004 but less than 3% in
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2005. Which one of these values should we use for a truly long-
range (say half a century) forecast?

And, quite inexplicably, those who forecast an imminent
peak of global oil production and a rapid end of the oil era
completely ignore fundamental, and proven, economic realities
and assume that future demand is immune to any external
factors. This is patently false: an indisputable peak followed by
precipitous decline in production would not trigger an
unchecked bidding for the remaining oil but would rather accel-
erate an ongoing shift to other energy sources. OPEC learned
this lesson in the early 1980s when record high prices were
followed not only by the decline of oil’s share in global energy
supply but also by an absolute decline in global oil demand and
a drastic fall in price (by about 60% for an average OPEC barrel
between 1981 and 1986).

As already explained (see chapter 1) that cut in demand was a
result of powerful technical adjustments that were triggered by
high oil prices — and similarly enormous opportunities for oil
savings in road transport remain untapped. All we have to do is
to resume the adjustments that were set aside by a generation of
post-1984 low oil prices. These realities led Sheikh Ahmed Zaki
Yamani, a former Saudi oil minister, to remark that high prices
will only hasten the day when OPEC will be left with
untouched fuel reserves because new efficient techniques could
cut deeply into the demand for automotive fuels and lead to
non-oil alternatives, leaving much of the Middle Eastern oil in
the ground forever.

The discrepancy between the wishful thinking of imminent
peak oil advocates and real world realities is also easily demon-
strated by asking the following questions. If we have recently
been discovering the very last of all known recoverable resources
should not the finding of new oil reservoirs be much more costly
than in the past? And if there is an imminent peak of oil extrac-
tion should not then the prospective shortage of the precious
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fuel result in relentlessly rising prices and should not buying a
barrel of oil and holding onto it be an unbeatable investment?
These conclusions are patently wrong. Oil is not getting either
intolerably more expensive to find or to develop, and a barrel of
a high-quality crude, say West Texas intermediate, bought at
$12.23/b in 1976 as a nest-egg for retirement and sold before
the end of 2006 at $60/b would have earned (even when assum-
ing no storage costs) about 1.2% a year, a return vastly inferior
to almost any guaranteed investment certificates and truly a
miserable gain when compared with virtually any balanced stock
market fund (and a 1980 barrel sold in 2005 would have resulted
in a nearly 40% loss!).

Finally, regardless of the actual rate of oil extraction and the
eventual date of the highest annual production of oil from
conventional resources, there is no reason to see the transition to
the post-oil era as a period of unmanageable difficulties or
outright economic and social catastrophes. Historical evidence is
clear: energy transitions have always been among the most
important stimuli of technical advances (think of new prime
movers, new materials and new energy converters), promoting
innovation (such as the profound managerial and organizational
changes brought by computers), higher efficiency (for example,
a gas turbine vs. steam engine) and resource substitution (like the
substitution of coke made from coal for charcoal from disap-
pearing forests during the late eighteenth and nineteenth
centuries). Their outcomes — coal replacing wood, oil replacing
a great deal of coal, now natural gas already replacing a great deal
of oil — have shaped modem industrial, and post-industrial,
civilization, leaving deep imprints on the structure and produc-
tivity of economies as well as on the organization and the quality
of life of affected societies.

To think that these stimuli will cease with a gradual move
away from oil is baseless: they have actually been at work for
some time, and the effects can be seen in macroeconomic terms
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as well as in everyday experiences. In 2005 the world’s largest
economy was only half as oil-intensive as it was in 1973, during
the year of OPEC’s first large price increases. Remarkably,
nearly the same rate of improvement has applied to the global
economy. In 1973 the gross world economic product (GWP)
was about $21 trillion (in constant 2005 monies) which means
that with oil consumption of 2.75 Gt it required roughly 130 kg
of crude oil to produce $1,000 of GWP. In 2005, with the
GWP at 860 trillion and oil consumption at 4.1 Gt less than 70
kg were needed for every $1,000 of GWP, nearly a 50% reduc-
tion!

This impressive decline has been achieved through a combi-
nation of the higher efficiencies with which we now convert
refined oil products and their substitution by gaseous hydrocar-
bons, coal and non-fossil energies. Changes in home heating
illustrate the cffects of all of these factors. In 1975 tens of
millions of households that used fuel oil for heating converted it
in their oil furnaces with efficiencies that were typically around
50%, recovering no more than half of the fuel’s chemical energy
as heat inside a house; natural gas is now the dominant heating
fuel and even the so called mid-efficiency furnaces have efficien-
cies of nearly 70% and a high-efficiency furnace in my basement
converts 95% of chemical energy into heat. Moreover, many
new homes that do not have access to pipelined gas and that
would once have been heated by fuel oil are now heated by
electricity because their superinsulated construction has lowered
their overall energy demand.

But even with remarkable technical advances there is no
doubt that energy transitions present cnormous problems for the
providers of energies that are being replaced (OPEC members
certainly do not look forward to any early end of the oil era),
that they necessitate scrapping or reorganization of many old
infrastructures (think of all the oil tankers, pipelines and refiner-
jes), and that they require the introduction of entirely new links,
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procedures and practices (no matter if the dominant new
resources are solar or nuclear). Resulting sectoral and regional
socio-economic dislocations are thus inevitable and can be decp
and long-lasting (think of the economically depressed former
major coal-mining regions), the necessary infrastructural trans-
formations will be costly (valued in trillions of dollars) and
inevitably protracted (requiring decades rather than years to put
in place) and their diffusion will be uneven (they always have
been: even in the US many rural areas were electrified only
during the 1950s and some 2 billion people worldwide still have
no electric lights!).

Beyond oil

A fundamental general consideration needs to be stressed before
I proceed with a brief outline of alternatives to conventional
liquid oil. Substitutions that are already technically proven (such
as gas-to-liquid conversions) or that appear as highly promising
future candidates (for example ethanol production from cellu-
losic biomass) are nevertheless often seen as unacceptable or
impractical simply because they cost (or are projected to cost)
more than the conversion they are set to replace. This simplistic
cost argument is misleading for three principal reasons. First, it
does not acknowledge that the real cost of today’s liquid fuels is
higher (often substantially so) than the price directly paid by
consumers. Second, it implies that only the resources and
conversions secured with the lowest cost are worthy of
consideration regardless of the environmental or strategic impli-
cations of their use. Third, it ignores the fact that modern
societies are already paying far less (as a share of disposable
income) for their energy needs than at anytime in history and
hence even a doubling of such vital expenditures would not be
catastrophic.
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The last point is true even in the country that is most addicted
to excessive driving. Detailed surveys of US consumer spending
show that in 2004 an average family spent less on gasoline (3.7%
of all expenditure) than it did on home furnishing (3.8%) or on
entertainment (5.1%). Why then should we be panicked by the
prospect of an alternative motor fuel that retails (say, arbitrarily)
at twice the price of today’s gasoline? If that new fuel were to
be used in vehicles operating with twice as high efficiency as
today’s cars (given the poor average performance of US cars this
is an easily achievable goal) then even this low share of expen-
diture may remain unchanged! And the argument about
unacceptably higher costs of alternative fuels is insufficient if
they could be produced and converted with lower environmen-
tal burdens (including lower emissions of greenhouse gases) or if
they will provide important strategic benefits.

Such considerations may drive future efforts to extract even
more oil from known reservoirs: after all, even today’s best
enhanced recovery methods still leave behind 40-50% of the oil
originally in place, and higher prices may justify more expensive
recovery techniques. Mining of progressively poorer mineral
ores is perhaps the best analogy. And beyond the conventional
liquid oil there is much more oil that is harder to get, vast
resources of nonconventional hydrocarbons whose recovery is
already contributing to global supply and whose future inroads,
depending on the changes in demand and on advances in techni-
cal innovation, may be slow and steady or widespread and
relatively rapid. This continuum between conventional and non-
conventional oil runs from medium heavy oils (25-18 °API,
mobile at reservoir conditions) to extra heavy oils (20~7 °API, stll
somewhat mobile) to tar sands and bitumen (12-7 °APl, non
mobile) and finally to oil shales with no permeability.

Limited volumes of medium and of some extra heavy oils
have been produced for many years in Saskatchewan and
Venezuela. Alaska’s North Slope also has large deposits of heavy
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oil: at least 20 and up to 40 Gb of this heavy oil are in place (as
much as in Prudhoe and Kuparuk, the region’s two supergiant
conventional fields) but only a fifth of it is recoverable and the
current production of viscous oil accounts for just 5% of the
North Slope output and, obviously, the region’s Arctic temper-
atures and permafrost make the oil extremely viscous and diffi-
cult to produce; a recovery technique that alternates water and
gas injection seems to be the best choice. But most of the 45
Tb of heavy oils in place are found in Venezuela’s extra heavy
oils (1.2 Tb, of which 270 Gb may be eventually recoverable)
and in Alberta’s tar sands (some 2.5 Tb of bitumen).

At the beginning of 2006 Canada’s conventional oil reserves
were about 5.6 Gb. The Canadian Association of Petroleum
Producers adds to this 8.6 Gb of oil recoverable from the already
developed commercial projects, and Alberta Energy and Utilities
Board put the total of oil sands reserves that are now under
active development at 174.4 Gb; this brought Canada’s aggre-
gate oil reserves to at least 180 Gb, compared to Saudi Arabia’s
260 Gb. But Athabasca’s ultimately recoverable oil may be
eventually revalued to as much as 315 Gb, and that total would
give Canada the world’s largest oil reserves. By 2005 Alberta oil
sands had yielded 1 Mbpd (with production costs of up to
$25/b), Natural Resource Canada put the future oil production
from Athabasca oil sands at 2 Mbpd by 2020, but the govern-
ment of Alberta sees 3 Mbpd by 2020 and possibly 5 Mbpd in
2030.

The basic advantage of producing extra heavy oil in
Venezuela’s Orinoco Belt is that a high thermal gradient (reser-
voir temperature of 53°C) makes cold extraction possible.
Annual output from several new projects developed with the
participation of major international oil companies should be
600,000 bpd in 2008 at less than 87/b. Another Orinoco
product is a boiler fuel (coal or gas substitute), a mixture of 70%
natural bitumen, 30% water and a small amount of an additive
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OIL FROM.SANDS

Extraction of oil from oil sands was commercialized for the first
time on a small scale during the late 1960s. Suncor was the first
company to produce oil from Alberta oil sands near Fort McMurray
in 1967, and the Syncrude consortium, formed in 1965, has been
producing in the area since 1978, Both of these pioneering projects
operate large oil sand mines, using huge excavators to mine the
rock and the world’s largest off-road trucks to transport it to a
bitumen extraction plant from which it moves to an upgrading
facility to yield light crude oil. Mining of Alberta oil sands, extrac-
tion of bitumen and its upgrading to light crude oil returns about
six units of energy for every unit invested. Only about a fifth of all
recoverable oil in Alberta’s oil sands can be reached by surface
mining, the rest will have to be extracted in situ and two
techniques (see figure 28) have been commercialized so far, cyclic
steam-stimulation (CSS) and steam-assisted gravity drainage
{SAGD).

Imperial Oil's Cold Lake Project was the first CS5 recovery that
alternates periods of injecting hot pressurized steam (300°C, 1
MPa) into well bores with periods of soaking that loosens the
bitumen. These cycles last from a few months to three years and
the heated bitumen-water mixture is drawn from the same wells
that were used for steam injection. On average, this process
extracts about a quarter, and with follow-up processes up to 35%,
of the bitumen originally present in sands. SAGD was patented by
Imperial Oil in 1982 and EnCana Corporation is now its leading
practitioner in Alberta oil sands. The process uses two horizontal
wells (typically 500-800 m long) that are drilled near the bottom of
an oil sands formation and are separated by a vertical distance of
5 m. Steam injected into the top well heats the surrounding
bitumen that slowly drains into the bottom well from which it is
lifted. The process recovers up to 60% of the oil but it has large
water and energy needs (roughly one unit of energy as natural gas
for steam generation is needed for every five units of heavy
bitumen). EROE! (including the cost of extraction and delivery of
the gas, and of oil upgrading) is no higher than three.

T
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Figure 28 Recovering oil from sands: CSS and SAGD techniques.
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that stabilizes the emulsion, that is sold as liquid Orimulsién by
Petrélcos de Venczuela. Future rates of non-conventional oil
production (and its possible extension to vast oil shale resources,
especially in the US and China) will be determined by a
complex interplay of oil prices, perceptions of supply security
and technical advances

Non-conventional oil will not be the only hydrocarbon
resource that will add to the supply of conventional liquid fuels.
The technical feasibility of gas-to-liquid conversion was demon-
strated in 1923 with the production of motor fuels from coal gas
by a process invented by Franz Fischer and Hans Tropsch in
Germany. During WWII Fischer-Tropsch synthesis kept the
Wehrmacht and Luftwaffe supplied with fuel, and since the
1950s South Africa’s Sasol has used the process to reduce the
country’s dependence on fuel imports. The high capital costs of
large Fischer-Tropsch plants have been a major deterrent to
widespread commercialization but intensive research aimed at
more efficient synthesis and smaller plant size has finally made this
conversion a serious candidate for large-scale commercialization.

And displacement of oil by gas does not have to go through
liquids. Direct substitution of liquids by natural gases has been
underway for decades and it will continue for decades to come.
As already noted, natural gas replaced fuel oil in heating all but
a small share of homes both in North America and in Europe,
and it has been substituted for fuel oil in many electricity-gener-
ating plants and in industrial enterprises. Natural gases are also
highly valued petrochemical feedstocks. What is much less
appreciated is that natural gas can replace motor gasoline in
passenger cars with only minor engine modifications. Simply
put, with the exception of flying and long-distance land and
maritime transport (energy density of natural gas under normal
pressure is only 1/1000 that of liquid fuel, making it unsuitable
as a portable fuel sufficient for extended travel), everything that
is done with liquid fuels can be done with gases.

g I
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NATURAL. GASES: PROPERTIES. AND:RESERVES

Much like oils, natural gases are mixtures of variable proportions
of hydrocarbons, but unlike oils they are primarily mixtures of just
three of the simplest alkanes, methane, ethane and propane.
Higher homologues (butane, pentane and hexane, are separated
as natural gas liquids) and CO,, H,S, N, He, and water vapor,

- found in many gases, are also separated before the gases are

compressed and transported by pipelines. Natural gases are
commonly associated with crude oils but they also exist as free
(dry) gases without any contact with crude oil in an oil reservoir or
in entirely separate gas-bearing formations. Their heat content
ranges between 30-45 MJ/m? (35.5 MJ/m? for CH), they are the
least-polluting fossil fuels, and generate the least amount of CO,
per unit of energy. As with crude oil, conventional gas reserves
have been steadily increasing: they had nearly doubled between
1985 and 2005 when they stood at about 180 m? or in energy
terms nearly as much as the total reserves of conventional
crude oil.

This increase has not only accommodated the expanding
extraction (it grew by about 65% between 1985 and 2005, to 2.75
Tm") but it lifted the global R/P ratio to sixty-seven years by
2005 (compared to fifty-six years in 1980 and to just over forty
years in the early 1970s). Conventional reserves are concentrated in

" Russia (about 27% of the total), tran (about 15%), Qatar (about

14%) and Saudi Arabia and the United Arab Emirates (4% each).
The Middle East claims about 40% of the global total, much

: less than its share of crude oil. Gas associated with oil used to be

simply flared as an unwanted by-product but this wasteful practice

. has declined with the rising demand for clean household and ,

industrial fuel. In 1975 gas equal to about 14% of worldwide
production was flared, with major sites visible on night-time satel-

. lite images as lights brighter than those of many large cities. By
» 2005 flaring was down to about 4% of global production, still -

equal to about half of Russia’s (the world’s largest) gas exports.
Most of the flaring is now done in Nigeria, Iraq, Siberia, Iran and
Algeria.
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For decades those large natural gas reserves that could not be
accessed by a pipeline could not be used, creating large stores of
so called stranded gas. This limitation began to be addressed
during the late 1950s and the early 1960s when the first lique-
fied natural gas (LNG) tankers were used to export Algerian gas
to the UK and France, and Indonesian gas to Japan. But the gas
liquefaction plants and special tankers were expensive and the
export remained limited. LNG occupies only about 1/600 the
volume of natural gas but it must be cooled to -162°C and
regasified after delivery. As both the liquefaction process and the
construction of special tankers with highly insulated containers
became more affordable LNG trade took off during the 1990s
and its unfolding expansion will bring to market many gas
resources that were previously considered completely stranded
or uneconomical.

In 2005 there were twenty-nine liquefaction facilities in
seventeen ports in Africa (Algeria, Libya, Egypt, Nigeria), the
Middle East (Oman, Qatar, UAE), Asia (Brunei, Indonesia,
Malaysia), Australia, Alaska and Trinidad and many more were
under construction or in advanced stages of planning. Indonesia
was the largest exporter (shipping to Japan, South Korea and
Taiwan), followed by Malaysia (exporting to the same three East
Asian countries), Qatar and Algeria (to the US, the EU and
Turkey). In 2005 LNG tankers (now mostly with capacities in
excess of 100,000 m?) carried just over 25% of all traded natural
gas to forty regasification sites in fifteen countries. Japan, South
Korea, Spain, the US and Taiwan were the largest importers,
soon to be joined by China.

Gas is thus finally becoming a truly global fuel but, as with
crude oil, opinions about its future are divided. Not surprisingly,
the advocates of an imminent oil peak see only a limited impact
because they believe that the ultimate resources of natural gas are
actually smaller than those of crude oil. But most geologists and
resource economists envisage a gas-rich future, particularly once
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non-conventional gas resources begin to contribute more to the
commercial recovery. As with crude oil, the latest US
Geological Survey assessment of global natural gas resources
indicates considerable prospects for further discoveries: it
assumed 129 Tm?® of remaining reserves, reserve growth in these
known fields of 99 Tm?, and undiscovered resources of 140
trillion m?®. With cumulative production of 47 Tm? this gives
mean resources of about 415 trillion m?, an equivalent of nearly
2.6 Tb of oil.

All of these figures refer to conventional resources only. The
only non-conventional gas resource that is already exploited is
coalbed methane. In the US potential resources of this gas would
add about 15% to traditional sources. Similar volumes are
present as shale gas and much larger resources are held in imper-
meable rocks in tight reservoirs. As large as these non-conven-
tional resources may be they are all insignificant when compared
to methane hydrates (clathrates) that were formed by the gas
released from anoxic decomposition of organic sediments by
methanogenic bacteria and are now trapped inside rigid lattice
cages of frozen water molecules. Fully saturated gas hydrates
have one CH, molecule for every 5.75 water molecules and
hence one m® of hydrates contains as much as 164 m® of CH,.

Hydrates can be found in polar continental sediments at
depths between 150 m to 2.5 km and where the ocean bottom
water is near 0°C hydrates are in aquatic sediments to depths of
more than 1 km. The resource base of methane hydrates is so
immense that only gross approximations are now possible: the
US Geological Survey estimated that they can contain twice as
much carbon as all other fossil fuels combined, and the volume
of hydrates in US coastal waters may be as much as 1,000 times
that of total conventional US gas reserves. Their commercial
recovery faces many problems and it must also take into account
the possibility of a sudden catastrophic release of some hydrate
deposits into the atmosphere. But these challenges are hardly a
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valid argument for eliminating this enormous resource from
future consideration as a major source of hydrocarbons (perhaps
even by the middle of this century): doing so would be akin to
the 1930 claim that any extraction of oil from offshore fields out
of sight of land was impossible.

The combination of non-conventional oil, natural gas, and
gas-to-liquid conversions means that hydrocarbons should be
with us as major sources of global energy supply far beyond the
middle of this century. In a speech accepting the Biennial OPEC
Award for 2006 Peter Odell, one of the most astute, life-long,
observers of the global oil scene, concluded that ‘peak-oilers’,
much like their numerous predecessors, will soon be proven
wrong, that the present contribution of oil and gas to the global
energy supply will be only modestly reduced by 2050, that
natural gas will surpass oil as the leading source, but that the oil
industry will be, even in 2100, still larger than in 2000. And
beyond this only slowly receding mixture of liquid and gaseous,
conventional and non-conventional hydrocarbons are renew-
able energy flows.

Three of them will dominate any future efforts because of
their inherently large magnitude: biomass fuels, wind, and direct
solar radiation. Liquids from biomass (above all ethanol from
sugar cane) are already displacing some gasoline, but the future
should not belong to the currently heavily promoted (but in
many ways problematic) conversion of grains (above all corn) to
ethanol, but to innovative bioengineering processes converting
more abundant cellulosic biomass, including crop residues and
high-yielding perennial grasses planted on non-agricultural land.
Commercial wind-powered electricity generation has already
made major strides and in time even greater contributions will
come from photovoltaic conversions. Although these conver-
sions may seem to do little for expanding the supply of liquid
fuels they could actually fit perfectly into a system of recharge-
able hybrid cars.
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The inherent fluctuations and unpredictability of photo-
voltaic electricity generation in temperate latitudes would be
much less of a problem for recharging plug-in hybrid cars than
for lighting houses or running machines in a factory where
clectricity must be available on demand. In contrast, a car
plugged in, in a garage or in a parking lot at a place of work
would be recharged whenever a surge of renewable electricity
became available. And, further in the future, once these conver-
sions become much more economical, they would provide
inexpensive electricity to produce hydrogen, the most energy-
dense of all fuels and hence an excellent energy carrier in the
post-fossil fuel world. However, George Olah, the Nobel Prize
winner in chemistry for 1994, argues that a methanol, rather
than hydrogen, economy would be the best choice. This liquid
hydrocatbon (CH,OH) can be prepared by a number of
methods (above all by direct oxidative conversion of natural gas,
and also by catalytic reduction of CO,) and it is safer and less
expensive to handle than hydrogen.

As with all long-range perspectives, it is counterproductive to
pinpoint any rates of progress, dates or shares for these new
energy conversions. In 2006 Sweden announced that it wants to
be the first oil-free country by 2020 (and te do so without any
reliance on nuclear generation), but given the inertia of massive
and expensive energy infrastructures it is inevitable that oil and
gas will remain the dominant primary energy sources of most
modern nations for decades to come. This we know for certain:
although a nation can switch from one dominant form of energy
to another in a matter of years, energy transitions are normally
protracted affairs, extending across decades rather than years.
And neither the tempo nor the eventual achicvements of these
long transitions from first commercial uses to widespread
embrace and to cventual domination can be judged by the state
of affairs during the initial stages of expansion. Today’s forecasts
of contributions and performances of renewable energies may be
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akin (giving just a few of many possible examples) to predicting
in 1950 the 2005 achievements in geophysical exploration,
offshore oil drilling, electronic computing or intercontinental
aviation.

Energy transitions — from biomass to coal, from coal to oil,
from oil to natural gas, from direct use of fuels to electricity -
have stimulated technical advances and driven our inventiveness.
Inevitably, they bring enormous challenges for both producers
and consumers, necessitate the scrapping or reorganization of
extensive infrastructures, are costly and protracted and cause
major socio-economic dislocations. But they have created more
productive and richer economies, and modern societies will not
collapse just because we face yet another of these grand trans-
formations. The world beyond oil is still many decades away but
we should see the path toward that era as one of very challeng-
ing, but also immensely rewarding, opportunities as modern
civilization severs its dependence on fossil carbon.
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unit of volume
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unit of pressure
multiplier prefix
unit of mass
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42 gallons; 158.98 L
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1.016 ¢

03m
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25 em

10°

1000 g
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10¢
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