nough oil remains in the earth to fill the reservoir

behind Hoover Dam four times over—and that’s

just counting the fraction of buried crude that is
relatively easy to recover and refine. Little wonder, then,
that as the world’s economies have hit the accelerator in
the past decade, the production of oil that powers them
has also soared, reaching a record of 65 million barrels
a day last year. The ample supply has kept oil cheap
and has helped to lay inflation low.

But could this be the peak before the fall? The authors
of the first article in this special report conclude that be-
fore the next decade is over the flood of conventional oil
will crest, and production will enter a permanent decline.

Copyright 1998 Scientific American, Inc.
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These analysts marshal an impressive body of statis-
tics to support their projections. If they are right, the
world will need to move quickly to avoid the price hikes,
recessions and political struggles that oil shortages—or
threats of them—have historically provoked. But as ex-
plained here, there are alternatives. The industry can eke
more out of aging oil fields and can sink new wells be-
neath deeper ocean waters. And the technology already
exists to convert natural gas and oil sands, both still plen-
tiful, into liquid fuels that are as cheap as those refined
from oil. The means for an orderly transition away from
crude oil appear to be nearly ready; all that is needed is
the will, the time and the money. —The Editors
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The End of Cheap Oil

Global production of conventional oil will begin to decline
sooner than most people think, probably within 10 years

by Colin J. Campbell and Jean H. Laherrere

n 1973 and 1979 a pair of sudden

price increases rudely awakened the

industrial world to its dependence on
cheap crude oil. Prices first tripled in re-
sponse to an Arab embargo and then
nearly doubled again when Iran de-
throned its Shah, sending the major
economies sputtering into recession.
Many analysts warned that these crises
proved that the world would soon run
out of oil. Yet they were wrong.

Their dire predictions were emotion-
al and political reactions; even at the
time, oil experts knew that they had no
scientific basis. Just a few years earlier
oil explorers had discovered enormous
new oil provinces on the north slope of
Alaska and below the North Sea off the
coast of Europe. By 1973 the world had
consumed, according to many experts’
best estimates, only about one eighth of
its endowment of readily accessible crude
oil (so-called conventional oil). The five

1859

Middle Eastern members of the Orga-
nization of Petroleum Exporting Coun-
tries (OPEC) were able to hike prices
not because oil was growing scarce but
because they had managed to corner 36
percent of the market. Later, when de-
mand sagged, and the flow of fresh
Alaskan and North Sea oil weakened
OPEC’s economic stranglehold, prices
collapsed.

The next oil crunch will not be so
temporary. Our analysis of the discov-
ery and production of oil fields around
the world suggests that within the next
decade, the supply of conventional oil
will be unable to keep up with demand.
This conclusion contradicts the picture
one gets from oil industry reports, which
boasted of 1,020 billion barrels of oil
(Gbo) in “proved” reserves at the start
of 1998. Dividing that figure by the
current production rate of about 23.6
Gbo a year might suggest that crude oil

could remain plentiful and cheap for 43
more years—probably longer, because
official charts show reserves growing.
Unfortunately, this appraisal makes
three critical errors. First, it relies on dis-
torted estimates of reserves. A second
mistake is to pretend that production
will remain constant. Third and most
important, conventional wisdom erro-
neously assumes that the last bucket of
oil can be pumped from the ground just
as quickly as the barrels of oil gushing
from wells today. In fact, the rate at
which any well—or any country—can
produce oil always rises to a maximum
and then, when about half the oil is gone,
begins falling gradually back to zero.
From an economic perspective, when
the world runs completely out of oil is
thus not directly relevant: what matters
is when production begins to taper off.
Beyond that point, prices will rise un-
less demand declines commensurately.

HISTORY OF OIL PRODUCTION, from the first commercial American well in
Titusville, Pa. (left), to derricks bristling above the Los Angeles basin (below), be-
gan with steady growth in the U.S. (red line). But domestic production began to
decline after 1970, and restrictions in the flow of Middle Eastern oil in 1973 and
1979 led to inflation and shortages (near and center right). More recently, the
Persian Gulf War, with its burning oil fields (far right), reminded the industrial
world of its dependence on Middle Eastern oil production (gray line).

1920s
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Using several different techniques to es-
timate the current reserves of conven-
tional oil and the amount still left to be
discovered, we conclude that the de-
cline will begin before 2010.

Digging for the True Numbers

We have spent most of our careers
exploring for oil, studying reserve
figures and estimating the amount of oil
left to discover, first while employed at
major oil companies and later as inde-
pendent consultants. Over the years,
we have come to appreciate that the rel-
evant statistics are far more complicat-
ed than they first appear.

Consider, for example, three vital
numbers needed to project future oil
production. The first is the tally of how
much oil has been extracted to date, a
figure known as cumulative production.
The second is an estimate of reserves,
the amount that companies can pump
out of known oil fields before having to
abandon them. Finally, one must have
an educated guess at the quantity of
conventional oil that remains to be dis-
covered and exploited. Together they
add up to ultimate recovery, the total
number of barrels that will have been
extracted when production ceases many
decades from now.

The obvious way to gather these num-
bers is to look them up in any of several
publications. That approach works well
enough for cumulative production sta-

tistics because companies meter the oil
as it flows from their wells. The record
of production is not perfect (for exam-
ple, the two billion barrels of Kuwaiti
oil wastefully burned by Iraq in 1991 is
usually not included in official statistics),
but errors are relatively easy to spot
and rectify. Most experts agree that the
industry had removed just over 800
Gbo from the earth at the end of 1997.

Getting good estimates of reserves is
much harder, however. Almost all the
publicly available statistics are taken
from surveys conducted by the Oil and
Gas Journal and World Oil. Each year
these two trade journals query oil firms
and governments around the world.
They then publish whatever production
and reserve numbers they receive but
are not able to verify them.

The results, which are often accepted
uncritically, contain systematic errors.
For one, many of the reported figures
are unrealistic. Estimating reserves is an
inexact science to begin with, so petro-
leum engineers assign a probability to
their assessments. For example, if, as
geologists estimate, there is a 90 percent
chance that the Oseberg field in Norway
contains 700 million barrels of recover-
able oil but only a 10 percent
chance that it will yield 2,500 mil-
lion more barrels, then the lower
figure should be cited as the so-
called P90 estimate (P90 for
“probability 90 percent”) and
the higher as the P10 reserves.
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In practice, companies and countries
are often deliberately vague about the
likelihood of the reserves they report,
preferring instead to publicize whichev-
er figure, within a P10 to P90 range,
best suits them. Exaggerated estimates
can, for instance, raise the price of an
oil company’s stock.

The members of OPEC have faced an
even greater temptation to inflate their
reports because the higher their reserves,
the more oil they are allowed to export.
National companies, which have exclu-
sive oil rights in the main OPEC coun-
tries, need not (and do not) release de-
tailed statistics on each field that could
be used to verify the country’s total re-
serves. There is thus good reason to sus-
pect that when, during the late 1980s,
six of the 11 OPEC nations increased
their reserve figures by colossal amounts,
ranging from 42 to 197 percent, they
did so only to boost their export quotas.

Previous OPEC estimates, inherited
from private companies before govern-
ments took them over, had probably
been conservative, P90 numbers. So
some upward revision was warranted.
But no major new discoveries or tech-

nological breakthroughs justi-

fied the addition of a stag-
gering 287 Gbo. That in-
crease is more than all
the oil ever discovered
in the U.S.—plus 40
percent. Non-OPEC
countries, of course,

BRUNO BARBEY Magnum Photos

SCIENTIFIC AMERICAN March 1998 79

1991

w
o
g}
o
&
&
T
<
5
T
=z
<
w
i}
O
&
2
o
by
Z
&
@
4
<
E
4]
=
T
v}
J
o«
&
=
=z
z
uw




COURTESY OF THE SOCIETY OF EXPLORATION GEOPHYSICISTS
- T

LAURIE GRACE

are not above fudging their numbers ei-
ther: 59 nations stated in 1997 that their
reserves were unchanged from 1996.
Because reserves naturally drop as old
fields are drained and jump when new
fields are discovered, perfectly stable
numbers year after year are implausible.

Unproved Reserves

Another source of systematic error in
the commonly accepted statistics is
that the definition of reserves varies
widely from region to region. In the
U.S., the Securities and Exchange Com-
mission allows companies to call re-
serves “proved” only if the oil lies near
a producing well and there is “reason-
able certainty” that it can be recovered
profitably at current oil prices, using
existing technology. So a proved reserve
estimate in the U.S. is roughly equal to
a P90 estimate.

Regulators in most other countries do
not enforce particular oil-reserve defini-
tions. For many years, the former Soviet
countries have routinely released wildly
optimistic figures—essentially P10 re-
serves. Yet analysts have often misinter-
preted these as estimates of “proved”
reserves. World Oil reckoned reserves
in the former Soviet Union amounted
to 190 Gbo in 1996, whereas the Oil
and Gas Journal put the number at 57
Gbo. This large discrepancy shows just
how elastic these numbers can be.

Using only P90 estimates is not the

EARTH’S CONVENTIONAL CRUDE OIL is almost half gone.
Reserves (defined here as the amount as likely as not to come

UNDISCOVERED: RESERVES:

150 BILLION BARRELS
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850 BILLION BARRELS

FLOW OF OIL starts to fall
from any large region when
about half the crude is gone.
Adding the output of fields of
various sizes and ages (green
curves at right) usually yields
a bell-shaped production curve
for the region as a whole. M.
King Hubbert (left), a geolo-
gist with Shell Oil, exploited
this fact in 1956 to predict cor-
rectly that oil from the lower
48 American states would peak
around 1969.

answer, because adding what is 90 per-
cent likely for each field, as is done in
the U.S., does not in fact yield what is
90 percent likely for a country or the en-
tire planet. On the contrary, summing
many P90 reserve estimates always un-
derstates the amount of proved oil in a
region. The only correct way to total
up reserve numbers is to add the mean,
or average, estimates of oil in each field.
In practice, the median estimate, often
called “proved and probable,” or P50
reserves, is more widely used and is good
enough. The P50 value is the number of
barrels of oil that are as likely as not to
come out of a well during its lifetime,
assuming prices remain within a limited
range. Errors in P50 estimates tend to
cancel one another out.

We were able to work around many
of the problems plaguing estimates of
conventional reserves by using a large
body of statistics maintained by Petro-
consultants in Geneva. This informa-
tion, assembled over 40 years from myr-
iad sources, covers some 18,000 oil fields
worldwide. It, too, contains some dubi-
ous reports, but we did our best to cor-
rect these sporadic errors.

According to our calculations, the
world had at the end of 1996 approxi-
mately 850 Gbo of conventional oil in
P50 reserves—substantially less than
the 1,019 Gbo reported in the Oil and
Gas Journal and the 1,160 Gbo esti-
mated by World Oil. The difference is
actually greater than it appears because

Copyright 1998 Scientific American, Inc.
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our value represents the amount most
likely to come out of known oil fields,
whereas the larger number is supposedly
a cautious estimate of proved reserves.
For the purposes of calculating when
oil production will crest, even more crit-
ical than the size of the world’s reserves
is the size of ultimate recovery—all the
cheap oil there is to be had. In order to
estimate that, we need to know wheth-
er, and how fast, reserves are moving up
or down. It is here that the official sta-
tistics become dangerously misleading.

Diminishing Returns

According to most accounts, world
oil reserves have marched steadily
upward over the past 20 years. Extend-
ing that apparent trend into the future,
one could easily conclude, as the U.S.
Energy Information Administration has,
that oil production will continue to rise
unhindered for decades to come, in-
creasing almost two thirds by 2020.
Such growth is an illusion. About 80
percent of the oil produced today flows
from fields that were found before 1973,
and the great majority of them are de-
clining. In the 1990s oil companies have
discovered an average of seven Gbo a
year; last year they drained more than
three times as much. Yet official figures
indicated that proved reserves did not
fall by 16 Gbo, as one would expect—
rather they expanded by 11 Gbo. One
reason is that several dozen governments

out of known fields) and future discoveries together will provide
little more than what has already been burned.

The End of Cheap Oil

JENNIFER C. CHRISTIANSEN; LAURIE GRACE
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GLOBAL PRODUCTION OF OIL, both
conventional and unconventional (red),
recovered after falling in 1973 and 1979.
But a more permanent decline is less than
10 years away, according to the authors’
model, based in part on multiple Hubbert
curves (lighter lines). U.S. and Canadian
oil (brown) topped out in 1972; produc-
tion in the former Soviet Union (yellow)
has fallen 45 percent since 1987. A crest in
the oil produced outside the Persian Gulf
region (purple) now appears imminent.

opted not to report declines in their re-
serves, perhaps to enhance their political
cachet and their ability to obtain loans.
A more important cause of the expan-
sion lies in revisions: oil companies re-
placed earlier estimates of the reserves
left in many fields with higher numbers.
For most purposes, such amendments
are harmless, but they seriously distort
forecasts extrapolated from published
reports.

To judge accurately how much oil ex-
plorers will uncover in the future, one
has to backdate every revision to the
year in which the field was first discov-
ered—not to the year in which a compa-
ny or country corrected an earlier esti-
mate. Doing so reveals that global dis-
covery peaked in the early 1960s and
has been falling steadily ever since. By
extending the trend to zero, we can
make a good guess at how much oil the
industry will ultimately find.

We have used other methods to esti-
mate the ultimate recovery of conven-
tional oil for each country [see box on
next two pages|, and we calculate that
the oil industry will be able to recover
only about another 1,000 billion bar-
rels of conventional oil. This number,
though great, is little more than the 800
billion barrels that have already been
extracted.

It is important to realize that spend-
ing more money on oil exploration will
not change this situation. After the price
of crude hit all-time highs in the early
1980s, explorers developed new tech-
nology for finding and recovering oil,
and they scoured the world for new
fields. They found few: the discovery

PRODUCED:
800 BILLION BARRELS
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rate continued its decline uninterrupt-
ed. There is only so much crude oil in
the world, and the industry has found
about 90 percent of it.

Predicting the Inevitable

Predicting when oil production will
stop rising is relatively straightfor-
ward once one has a good estimate of
how much oil there is left to produce.
We simply apply a refinement of a tech-
nique first published in 1956 by M.
King Hubbert. Hubbert observed that
in any large region, unrestrained extrac-
tion of a finite resource rises along a bell-
shaped curve that peaks when about
half the resource is gone. To demon-
strate his theory, Hubbert fitted a bell
curve to production statistics and pro-
jected that crude oil production in the
lower 48 U.S. states would rise for 13
more years, then crest in 1969, give or
take a year. He was right: production
peaked in 1970 and has continued to
follow Hubbert curves with only minor
deviations. The flow of oil from several
other regions, such as the former Soviet
Union and the collection of all oil pro-
ducers outside the Middle East, also fol-
lows Hubbert curves quite faithfully.
The global picture is more complicat-
ed, because the Middle East members of
OPEC deliberately reined back their oil
exports in the 1970s, while other na-
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tions continued producing at full capac-
ity. Our analysis reveals that a number
of the largest producers, including Nor-
way and the UK., will reach their peaks
around the turn of the millennium un-
less they sharply curtail production. By
2002 or so the world will rely on Mid-
dle East nations, particularly five near
the Persian Gulf (Iran, Iraq, Kuwait,
Saudi Arabia and the United Arab Emi-
rates), to fill in the gap between dwin-
dling supply and growing demand. But
once approximately 900 Gbo have been
consumed, production must soon begin
to fall. Barring a global recession, it
seems most likely that world produc-
tion of conventional oil will peak dur-
ing the first decade of the 21st century.
Perhaps surprisingly, that prediction
does not shift much even if our esti-
mates are a few hundred billion barrels
high or low. Craig Bond Hatfield of the
University of Toledo, for example, has
conducted his own analysis based on a
1991 estimate by the U.S. Geological
Survey of 1,550 Gbo remaining—55
percent higher than our figure. Yet he
similarly concludes that the world will
hit maximum oil production within the
next 15 years. John D. Edwards of the
University of Colorado published last
August one of the most optimistic re-
cent estimates of oil remaining: 2,036
Gbo. (Edwards concedes that the indus-
try has only a § percent chance of at-
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How Much Oil Is Left to Find?

\ x 7 e combined several techniques to conclude that about
1,000 billion barrels of conventional oil remain to be
produced. First, we extrapolated published production figures
for older oil fields that have begun to decline. The Thistle field

We can predict the amount of remaining oil
a from the decline of aging fields...
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ANNUAL OIL PRODUCTION
(MILLIONS OF BARRELS)

taining that very high goal.) Even so,
his calculations suggest that convention-
al oil will top out in 2020.

Smoothing the Peak

Factors other than major economic
changes could speed or delay the
point at which oil production begins to
decline. Three in particular have often
led economists and academic geologists
to dismiss concerns about future oil
production with naive optimism.

First, some argue, huge deposits of oil
may lie undetected in far-off corners of
the globe. In fact, that is very unlikely.
Exploration has pushed the frontiers
back so far that only extremely deep wa-
ter and polar regions remain to be fully
tested, and even their prospects are now
reasonably well understood. Theoreti-
cal advances in geochemistry and geo-
physics have made it possible to map
productive and prospective fields with
impressive accuracy. As a result, large
tracts can be condemned as barren.
Much of the deepwater realm, for ex-
ample, has been shown to be absolutely
nonprospective for geologic reasons.

What about the much touted Caspi-
an Sea deposits? Our models project
that oil production from that region
will grow until around 2010. We agree
with analysts at the USGS World Oil As-
sessment program and elsewhere who
rank the total resources there as roughly
equivalent to those of the North Sea—
that is, perhaps 50 Gbo but certainly not
several hundreds of billions as some-
times reported in the media.

A second common rejoinder is that
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off the coast of Britain, for example, will yield about 420 mil-

lion barrels (a). Second, we plotted the amount of oil discov-
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new technologies have steadily increased
the fraction of oil that can be recovered
from fields in a basin—the so-called re-
covery factor. In the 1960s oil compa-
nies assumed as a rule of thumb that
only 30 percent of the oil in a field was
typically recoverable; now they bank
on an average of 40 or 50 percent. That
progress will continue and will extend
global reserves for many years to come,
the argument runs.

Of course, advanced technologies will
buy a bit more time before production
starts to fall [see “Oil Production in the
21st Century,” by Roger N. Anderson,
on page 86]. But most of the apparent
improvement in recovery factors is an
artifact of reporting. As oil fields grow
old, their owners often deploy newer
technology to slow their decline. The
falloff also allows engineers to gauge
the size of the field more accurately and
to correct previous underestimation—in
particular P90 estimates that by defini-
tion were 90 percent like-
ly to be exceeded.

Another reason not to
pin too much hope on
better recovery is that oil
companies routinely
count on technological
progress when they com-

1,200
1,000
800
600

BILLIONS OF BARRELS

! . 400
pute their reserve esti-
mates. In truth, advanced 200 ——
technologies can offer lit-
1940

tle help in draining the
largest basins of oil, those
onshore in the Middle
East where the oil needs
no assistance to gush from
the ground.
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Last, economists like to point out that
the world contains enormous caches of
unconventional oil that can substitute
for crude oil as soon as the price rises
high enough to make them profitable.
There is no question that the resources
are ample: the Orinoco oil belt in Vene-
zuela has been assessed to contain a
staggering 1.2 trillion barrels of the
sludge known as heavy oil. Tar sands
and shale deposits in Canada and the
former Soviet Union may contain the
equivalent of more than 300 billion
barrels of oil [see “Mining for Oil,” by
Richard L. George, on page 84]. Theo-
retically, these unconventional oil re-
serves could quench the world’s thirst
for liquid fuels as conventional oil pass-
es its prime. But the industry will be
hard-pressed for the time and money
needed to ramp up production of un-
conventional oil quickly enough.

Such substitutes for crude oil might
also exact a high environmental price.

BACKDATED RESERVES

...from the diminishing returns on exploration in larger regions...
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GROWTH IN OIL RESERVES since 1980 is an illusion
caused by belated corrections to oil-field estimates. Back-
dating the revisions to the year in which the fields were dis-
covered reveals that reserves have been falling because of a
steady decline in newfound oil (blue).
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AND GAS JOURNAL AND U.S. GEOLOGICAL SURVEY



retical maximum: for Africa, 192 Gbo. But the time and cost of
exploration impose a more practical limit of perhaps 165 Gbo
(b). Third, we analyzed the distribution of oil-field sizes in the
Gulf of Mexico and other provinces. Ranked according to size
and then graphed on a logarithmic scale, the fields tend to
fall along a parabola that grows predictably over time (c). (In-

... by extrapolating the size of new fields into the future...

terestingly, galaxies, urban populations and other natural ag-
glomerations also seem to fall along such parabolas.) Finally,
we checked our estimates by matching our projections for oil
production in large areas, such as the world outside the Per-
sian Gulf region, to the rise and fall of oil discovery in those
places decades earlier (d).

—C.J.C. and J.H.L.

...and by matching production to earlier discovery trends.
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Tar sands typically emerge from strip
mines. Extracting oil from these sands
and shales creates air pollution. The
Orinoco sludge contains heavy metals
and sulfur that must be removed. So
governments may restrict these indus-
tries from growing as fast as they could.
In view of these potential obstacles, our
skeptical estimate is that only 700 Gbo
will be produced from unconventional
reserves over the next 60 years.

On the Down Side

M eanwhile global demand for oil is
currently rising at more than 2
percent a year. Since 1985, energy use is
up about 30 percent in Latin America,
40 percent in Africa and 50 percent in
Asia. The Energy Information Adminis-
tration forecasts that worldwide de-
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SUSPICIOUS JUMP in reserves reported by
six OPEC members added 300 billion bar-
rels of oil to official reserve tallies yet fol-
lowed no major discovery of new fields.

The End of Cheap Oil

mand for oil will increase 60 percent (to
about 40 Gbo a year) by 2020.

The switch from growth to decline in
oil production will thus almost certain-
ly create economic and political tension.
Unless alternatives to crude oil quickly
prove themselves, the market share of
the OPEC states in the Middle East will
rise rapidly. Within two years, these na-
tions’ share of the global oil business
will pass 30 percent, nearing the level
reached during the oil-price shocks of
the 1970s. By 2010 their share will quite
probably hit 50 percent.

The world could thus see radical in-
creases in oil prices. That alone might
be sufficient to curb demand, flattening
production for perhaps 10 years. (De-
mand fell more than 10 percent after
the 1979 shock and took 17 years to
recover.) But by 2010 or so, many Mid-
dle Eastern nations will themselves be
past the midpoint. World production
will then have to fall.

With sufficient preparation, however,
the transition to the post-oil economy
need not be traumatic. If advanced
methods of producing liquid fuels from
natural gas can be made profitable and
scaled up quickly, gas could become the
next source of transportation fuel [see
“Liquid Fuels from Natural Gas,” by
Safaa A. Fouda, on page 92]. Safer nu-
clear power, cheaper renewable energy,
and oil conservation programs could all
help postpone the inevitable decline of
conventional oil.

Countries should begin planning and
investing now. In November a panel of
energy experts appointed by President
Bill Clinton strongly urged the adminis-
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tration to increase funding for energy
research by $1 billion over the next five
years. That is a small step in the right
direction, one that must be followed by
giant leaps from the private sector.

The world is not running out of oil—
at least not yet. What our society does
face, and soon, is the end of the abun-
dant and cheap oil on which all indus-
trial nations depend. 54|
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Mining for Oil

More oil is trapped in Canadian sands
than Saudi Arabia holds in its reserves.
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The technology now exists to exploit this vast resource profitably

by Richard L. George

he term “oil” has, to date, been
synonymous with conventional
crude oil, a liquid mixture of hy-
drocarbons that percolates through por-
ous strata and flows readily up drilled
boreholes. But much of the world’s re-
maining endowment of oil takes a less
convenient form: a black, tarlike sub-
stance called bitumen, which sticks
stubbornly in the pore spaces between
the grains of certain sands and shales
(solidified muds). Because bitumen nor-
mally will not flow through such forma-
tions, the straight-
forward way to

-

recover it is to scoop it out of open-pit
mines.

Digging for oil is certainly more trou-
blesome than simply drilling and pump-
ing, but the enormity of this resource
makes it hard to ignore. Current pro-
cessing methods could recover about
300 billion barrels from oil sands in the
Canadian province of Alberta alone—
more than the reserves of conventional
oil in Saudi Arabia. Oil shale appears to
offer a less prodigious supply, but Aus-
tralia contains at least 28 billion barrels
of petroleum in this form, and other de-
posits lie buried in Estonia, Brazil, Swe-

The Processing of Oil Sands

den, the U.S. and China. All told, oil
sands and shales around the world
could, in principle, hold several trillion
barrels of oil.

Yet it is difficult to predict how much
of that potential can be profitably re-
covered, because the processing needed
to turn oil sands or shales into useful
petroleum products is quite challenging.
My company, Suncor Energy, is one of
only two in the world that have success-
fully exploited oil sands by mining them.

The roots of our enterprise in north-
ern Alberta go back many years. For
centuries, natives living in the region

6

WATER WITH SAND AND CLAY
FLOWS INTO HOLDING PONDS,
WHERE SOLIDS SETTLE

V1

MIVIINERS EXTRACT OIL

SANDS WITH SHOVELS
AND DUMP TRUEKS;

CONVEYOR BELT
(OR PIPELINE)
CARRIES ORE FROM MINE
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AT EXTRACTION PLANT, ORE MOVES
FROM BINS INTO GIANT ROTATING
DRUMS, WHERE IT MIXES
WITH HOT WATER AND STEAM

(WATER IS REUSED)

5
SAND SETTLES TO

BOTTOM, AND BITUMEN
FLOATS TO TOP OF

SEPARATION CHAMBER
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BITUMEN, DILUTED WITH NAPHTHAT'- e
SWIRLS THROUGH CENTRIFUGES

OIL SANDS, coated with tarlike bitumen,
have the appearance of coffee grounds.

used the sticky bitumen that oozes out
of the banks of the Athabasca River to
patch leaks in their canoes. And as ear-
ly as 1893 the Canadian government
sponsored investigations of the Atha-
basca “tar sands” as a potential source
of petroleum. Then, in 1920, Karl A.
Clark of the Alberta Research Council
found a practical way to separate the
bitumen from the sand. After shoveling
some of the asphalt into the family
washing machine and adding hot water
and caustic soda, he discovered that the
bitumen floated to the surface as a frothy
foam, ready to be skimmed off.

Clark’s method was clearly workable.
Yet the idea languished for decades un-
til the precursor of Suncor Energy, the
Great Canadian Oil Sands Ltd., began
large-scale mining of oil sands in 1967.
Rising petroleum prices during the
1970s helped to keep the expensive op-
eration afloat. But failures of the exca-
vating equipment dogged the miners un-

7=

THAT REMOVE REMAINING
WATER AND MINERALS

til 1992, when Suncor modernized the
facility in a concerted effort to reduce
the cost of extracting this oil.

For the past five years, my colleagues
at Suncor have been producing oil that
is quite profitable at current market
prices. Our production has expanded
by 38 percent over that period, and we
now sell 28 million barrels of uncon-
ventional oil a year. This growth will
most likely accelerate in the future, lim-
ited in part by the need to ensure that
the local environment is harmed as lit-
tle as possible.

The handling of residues, called tail-
ings, is of particular concern. The coars-
er grains settle quickly from a slurry of
water and sand, and we put these mate-
rials back into the ground. But the wa-
ter still contains many fine particles, so
we have to hold it in large ponds to
avoid contaminating nearby rivers and
streams. Left alone, the fine tailings
would not sink to the bottom for cen-
turies. But researchers in industry and
government discovered that adding
gypsum (a by-product of the sulfur that
is removed from the oil) to the ponds
reduces the settling time for fine tailings
to a decade or two. We expect that the

disturbed ground can then be re-

stored to something resembling a
natural condition. Suncor current-
ly spends about one out of every
six dollars in its capital budget

9 10

on reducing environmental disturbance.
One alternative technology for ex-
tracting bitumen sidesteps such prob-
lems and could, in principle, allow in-
dustry to tap huge deposits that are too
deep to mine. It turns out that the oil in
these sands can be made to flow by in-
jecting steam into the ground. Once it is
heated, the oil thins and pools under-
neath the site of injection. Ordinary oil-
field equipment can then bring it to the
surface. This process, called steam-assist-
ed gravity drainage, is now being tested
by oil companies such as the Alberta
Energy Company. Suncor, too, may ex-
ploit this approach in the future.
Engineers at Suncor are also examin-
ing a system to bake the oil out of
crushed rock in a giant, drum-shaped
kiln. Although this method (invented by
William Taciuk, collaborating with the
Alberta Department of Energy) is not
particularly appropriate for oil sands, it
appears to work well for processing oil
shales. If a demonstration plant that
Suncor is building with its Australian
partners—Southern Pacific Petroleum
and Central Pacific Minerals—proves
successful, a whole new oil shale indus-
try could develop in Australia over the
next decade. So as production from
conventional oil fields dwindles, oil shale
and oil sand reserves may well become
a major source of energy in the century
to come. 5|

HYDROCARBON VAPORS HYDROCARBON VAPORS

SEPARATE FROM COKE
IN TALL DRUMS

iDCOKE IS

STOCKPILED, SOLD
OR BURNED

TO PROVIDE HEAT
AND POWER
FOR PLANT

WITH NAPHTHA REMOVED, HEATED BITUMEN
PRODUCES HYDROCARBON VAPORS
AND SOLID RESIDUE (PETROLEUM COKE)

Mining for Oil

Copyright 1998 Scientific American, Inc.

CONDENSE INTO
NAPHTHA, KEROSENE
AND GAS OIL
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0il Production in the 21st Century

Recent innovations in underground imaging, steerable drilling and
deepwater oil production could recover more of what lies below

DANIELS & DANIELS

by Roger N. Anderson

n the face of it, the outlook for conventional oil—the

cheap, easily recovered crude that has furnished more

than 95 percent of all oil to date—seems grim. In 2010,
according to forecasts, the world’s oil-thirsty economies will
demand about 10 billion more barrels than the industry will
be able to produce. A supply shortfall that large, equal to al-
most half of all the oil extracted in 1997, could lead to price
shocks, economic recession and even wars.

Fortunately, four major technological advances are ready
to fill much of the gap by accelerating the discovery of new
oil reservoirs and by dramatically increasing the fraction of
oil within existing fields that can be removed economically, a
ratio known as the recovery factor. These technologies could
lift global oil production rates more than 20 percent by 2010
if they are deployed as planned on the largest oil fields within

SEISMIC SURVEY builds a three-dimensional picture of under-
ground strata one vertical slice at a time. Sound waves generated
at the surface ricochet off boundaries between layers of ordinary
rock and those bearing oil (dark brown), water (blue) or gas
(yellow). The returning sounds are picked up by a string

of microphones. Computers later translate the
patterns into images and ultimately
into a model that guides the
drilling of wells.

three to five years. Such rapid adoption may seem ambitious
for an industry that traditionally has taken 10 to 20 years to
put new inventions to use. But in this case, change will be
spurred by formidable economic forces.

For example, in the past two years, the French oil compa-
ny Elf has discovered giant deposits off the coast of West Af-
rica. In the same period, the company’s stock doubled, as in-
dustry analysts forecasted that Elf’s production would in-
crease by 8 percent in 2001. If the other major oil producers
follow suit, they should be able by 2010 to provide an extra
five billion barrels of oil each year, closing perhaps half the
gap between global supply and demand.

This article will cover the four advances in turn,
beginning with a new way to track sub-
terranean oil.

Oil Production in the 21st Century




Tracking Oil in Four Dimensions

Finding oil became much more efficient after 1927, when geologists first successfully
translated acoustic reflections into detailed cross sections of the earth’s crust. Seismolo-
gists later learned how to piece together several such snapshots to create three-dimensional
models of the oil locked inside layers of porous rock. Although this technique, known as
3-D seismic analysis, took more than a decade to become standard practice, it is now cred-
ited with increasing oil discovery and recovery rates by 20 percent.

In recent years, scientists in my laboratory at Columbia University and elsewhere have
developed even more powerful techniques capable of tracking the movement of oil, gas
and water as drilled wells drain the subterranean strata—a “4-D” scheme that includes the
added dimension of time. This information can then be used to do a “what if” analysis on
the oil field, designing ways to extract as much of the oil as quickly and cheaply as possible.

Compared with its predecessor, the 4-D approach seems to be catching on quickly: the
number of oil fields benefiting from it has doubled in each of the past four years and now
stands at about 60. Such monitoring can boost recovery factors by 10 to 15 percentage
points. Unfortunately, the technique will work in only about half the world’s major fields,
those where relatively soft rock is suffused with oil and natural gas.

= 30 g
(SRS 3
Su 25 "\ 4-D SEISMIC £
S MONITORING 3
5= 20 BEGINS
Ty ;
- 8 1.5 i
E :
= 1.0 I
>3 |
Z = 05 I
<
0
1970 1980 1990 2000

FLOW OF OIL from a reservoir
in the largest field off the Louis-
iana shore resurged in 1992,
shortly after operators began
using 4-D seismic monitoring to
locate hidden caches of oil.

INJECTION OF LIQUID CARBON DIOXIDE can

rejuvenate dying oil fields. Pumped at high pres-
sure from tanks into wells that have

ceased producing oil, the carbon diox-
ide flows through the reservoir and, if
all goes well, pushes the remaining oil
down toward active wells. Steam and
natural gas are sometimes also used
for this purpose. Alternatively, water
can be injected below a pocket of by-
passed crude in order to shepherd the
oil into a well. In the future, “smart”
wells currently under development
will be able to retrieve oil simultane-
ously from some branches of the well
while using other branches to pump
water out of the oil stream and back
into the formation from which it came.

Gassing Things Up

hen geologists began studying the new time-lapse
measurements, they were surprised to discover
that one of the most basic notions about oil movement—that it natu-

= -
PRODUCTION WELLS often draw
water from below and gas from above into
A pore spaces once full of oil. This complex flow
strands pockets of crude far from wells; tradi-
tional drilling techniques thus miss up to two
thirds of the oil in a reservoir. But repeated seis-
mic surveys can now be assembled into a 4-D
model that not only tracks where oil, gas and
water in the field are located but also predicts
where they will go next. Advanced seismic mon-
itoring works well on about half the world’s oil
fields, but it fails on oil buried in very hard rock
or beneath beds of salt (thick white layer).

Oil Production in the 21st Century
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rally settles between lighter gas above and heavier groundwater below—
oversimplifies the behavior of real oil fields. In fact, most wells produce com-
plex, fractal drainage patterns that cause the oil to mix with gas and water. As
a result, specialists now know that the traditional technique of pumping a well
until the oil slows to a trickle often leaves 60 percent or more of the oil behind.
A more efficient strategy is to pump natural gas, steam or liquid carbon di-
oxide into dead wells. The infusion then spreads downward through pores in
the rock and, if one has planned carefully, pushes oil that otherwise would
have been abandoned toward a neighboring well. Alternatively, water is often
pumped below the oil to increase its pressure, helping it flow up to the surface.
Injections of steam and carbon dioxide have been shown to increase recovery
factors by 10 to 15 percentage points. Unfortunately, they also raise the cost of
oil production by 50 to 100 percent—and that added expense falls on top of a 10
to 25 percent surcharge for 4-D seismic monitoring. So unless carbon dioxide
becomes much cheaper (perhaps because global-warming treaties restrict its
release) these techniques will probably continue to serve only as a last resort.
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Steering to Missed Oil

third major technological advance, known as directional
drilling, can tap bypassed deposits of oil at less expense
than injection. Petroleum engineers can use a variety of new
equipment to swing a well from vertical to entirely horizontal
within a reservoir several kilometers underground.

Traditionally, drillers rotated the long steel pipe, or “string,”
that connects the rig at the surface to the bit at the bottom of
the well. That method fails when the pipe must turn a cor-
ner—the bend would break the rotating string. So steerable
drill strings do not rotate; instead a mud-driven motor insert-
ed near the bit turns only the diamond-tipped teeth that do
the digging. An elbow of pipe placed between the mud motor
and the bit controls the direction of drilling.

Threading a hole through kilometers of rock into a typical
oil zone 30 meters (about 100 feet) thick is precise work.
Schlumberger, Halliburton and other international compa-
nies have developed sophisticated sensors that significantly
improve the accuracy of drilling. These devices, which oper-
ate at depths of up to 6,000 meters and at temperatures as

P e Bl T e T3

high as 200 degrees Celsius (400 degrees Fahrenheit), attach
to the drill pipe just above or below the mud motor. Some
measure the electrical resistance of the surrounding rock.
Others send out neutrons and gamma rays; then they count
the number that are scattered back by the rock and pore
fluids. These measurements and the current position of the
bit (calculated by an inertial guidance system) are sent back
to the surface through pulses in the flow of the very mud
used to turn the motor and lubricate the well bore. Engineers
can adjust the path of the drill accordingly, thus snaking their
way to the most oil-rich part of the formation.

Once the hole is completed, drillers typically erect produc-
tion equipment on top of the wellhead. But several compa-
nies are now developing sensors that can detect the mix of
oil, gas and water near its point of entry deep within the well.
“Smart” wells with such equipment will be able to separate
water out of the well stream so that it never goes to the sur-
face. Instead a pump, controlled by a computer in the drill
pipe, will inject the wastewater below the oil level.

DRILLING CONSOLE allows an
engineer at the surface to monitor
sensors near the drill bit that indi-
cate whether it has hit oil or water.
The drill can then be steered into
position for the optimum yield.

HORIZONTAL DRILLING was impractical
when oil rigs had to rotate the entire drill string—
up to 5,800 meters (roughly 19,000 feet) of it—
in order to turn the rock-cutting bit at the bot-
tom. Wells that swing 90 degrees over a space
of just 100 meters are now common thanks to
the development of motors that can run deep un-
derground. The motor’s driveshaft connects to
the bit through a transmission in a bent section
} of pipe. The amount of bend determines how
tight a curve the drill will carve; drillers can
twist the string to control the direc-

tion of the turn. '

HITEC DRILLING & MARINE SYSTEMS
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SENSORS !;iear the bit can detect oil,
water and gas. One device measures the
porosity of the surrounding rock by
emitting heutrons, which scatter off hy-
drogen jatoms. Another takes a density
reading by shooting out gamma rays
that interact with adjacent electrons. Oil
and water also affect electrical resistance,
measured from a current passed through
the bit, the rock and nearby electrodes.
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DENSITY ELECTRICAL METHANE

RESISTANCE GEOLOGIC MEASUREMENTS collected by sen-
sors near the bottom of the drill pipe can be analyzed
at the wellhead or transmitted via satellite to engi-
neers anywhere in the world. Several characteristics
of the rocks surrounding the drill bit can reveal the
presence of oil or gas (left). Petroleum tends to accu-
mulate in relatively light, porous rocks, for example,
so some geosteering systems calculate the bulk densi-
ty of nearby strata. Others measure the electrical re-
sistance of the earth around the drill; layers soaked
with briny water have a much lower resistance than
those rich in oil. Gas chromatographs at the surface
analyze the returning flow of lubricating mud for
natural gas captured during its journey.
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“SMART” WELLS of the near future will use com-
puters and water monitors near the bottom of the well
to detect dilution of the oil stream by water. Hydrocy-
clonic separators will then shunt the water into

a separate branch of the well that emp-
ties beneath the oil reservoir.

A

ADVANCED DRILLS use ,.’f FORKED \_VELLS
mud pumped throt.)&h the bl can extract 0}1 from
inside of the string/to ro- several oil-bearing lay-

ers at once. Computer-
controlled chokes insert-
ed in the well pipe main-
tain the optimum flow of
oil to the surface.

tate the bit, to communi-

cate sensor measurements

and to carry rock frag-

ments out of the well. On

its way down, the mud first

enters a rotating valve (a),

which converts data radioed to the

tool from various sensors into surges in the mud
stream. (At the surface, the pulses are translated
back into a digital signal of up to 10 bits per sec-
ond.) The mud next flows into a motor. A spiral
driveshaft fits inside the helical motor casing in a
way that creates chambers (b). As the cavities fill
with mud, the shaft turns in order to relieve the
hydraulic pressure. The mud finally exits through
the rotating bit and returns to the surface, with
fresh cuttings cleared from near the bit.
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HIBERNIA

RAM-POWELL

THREE NEW WAYS to tap oil
fields that lie deep underwater have re-
cently been deployed. Hibernia (left), which
began producing oil last November from a field
in 80 meters of water off the coast of Newfoundland,
Canada, took seven years and more than $4 billion to
construct. Its base, built from 450,000 tons of reinforced con-
crete, is designed to withstand the impact of a million-ton iceberg.
Hibernia is expected to recover 615 million barrels of oil over 18
years, using water and gas injection. Storage tanks will hold up to
1.3 million barrels of oil inside the base until it can be transferred to
shuttle tankers. Most deepwater platforms send the oil back to shore
through subsea pipelines.

Wading in Deeper

P erhaps the oil industry’s last great frontier is in deep wa-
ter, in fields that lie 1,000 meters or more below the sur-
face of the sea. Petroleum at such depths used to be beyond
reach, but no longer. Remotely controlled robot submarines
can now install on the seafloor the complex equipment need-
ed to guard against blowouts, to regulate the flow of oil at
the prevailing high pressures and to prevent natural gas from
freezing and plugging pipelines. Subsea complexes will link
clusters of horizontal wells. The collected oil will then be fun-
neled both to tankers directly above and to existing platforms
in shallower waters through long underwater pipelines. In
just the next three years, such seafloor facilities are scheduled
for construction in the Gulf of Mexico and off the shores of
Norway, Brazil and West Africa.

More than deep water alone hinders the exploitation of
offshore oil and gas fields. Large horizontal sheets of salt and
basalt (an igneous rock) sometimes lie just underneath the
seafloor in the deep waters of the continental margins. In
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conventional seismic surveys they scatter nearly all the sound
energy so that oil fields below are hidden from view. But re-
cently declassified U.S. Navy technology for measuring tiny
variations in the force and direction of gravity, combined
with ever expanding supercomputer capabilities, now allows
geophysicists to see under these blankets of salt or basalt.

Extracting oil from beneath the deep ocean is still enor-
mously expensive, but innovation and necessity have led to a
new wave of exploration in that realm. Already the 10 larg-
est oil companies working in deep water have discovered new
fields that will add 5 percent to their combined oil reserves,
an increase not yet reflected in global reserve estimates.

The technology for oil exploration and production will
continue to march forward in the 21st century. Although it is
unlikely that these techniques will entirely eliminate the im-
pending shortfall in the supply of crude oil, they will buy crit-
ical time for making an orderly transition to a world fueled
by other energy sources.

Oil Production in the 21st Century




RAM-POWELL platform (center), built by Shell Oil, Amoco
and Exxon, began production in the Gulf of Mexico last
September. The 46-story platform is anchored to 270-ton piles
driven into the seafloor 980 meters below. Twelve tendons, each
71 centimeters in diameter, provide a strong enough mooring to
withstand 22-meter waves and hurricane winds up to 225 kilo-
meters per hour. The $1-billion facility can sink wells up to six
kilometers into the seabed in order to tap the 125 million bar-
rels of recoverable oil estimated to lie in the field. A 30-centime-
ter pipeline will transport the oil to platforms in shallower water
40 kilometers away. Ram-Powell is the third such tension leg
platform completed by Shell in three years. Next year, Shell’s
plans call for an even larger platform, named Ursa, to start
pumping 2.5 times as much oil as Ram-Powell from be-
low 1,226 meters of water.

DEEPEST OIL WELL in active production (above) currently lies more
than 1,709 meters beneath the waves of the South Atlantic Ocean, in
the Marlim field off the coast of Campos, Brazil. The southern part
of this field alone is thought to contain 10.6 billion barrels of oil.
Such resources were out of reach until recently. Now remotely oper-
ated submarines are being used to construct production facilities on
the sea bottom itself. The oil can then be piped to a shallower plat-
form if one is nearby. Or, as in the case of the record-holding South
Marlim 3B well, a ship can store the oil until shuttle tankers arrive.
The challenge is to hold the ship steady above the well. Moorings can
provide stability at depths up to about 1,500 meters. Beyond that
limit, ships may have to use automatic thrusters linked to the Global
Positioning System and beacons on the seafloor to actively maintain
their position. These techniques may allow the industry to exploit oil
fields under more than 3,000 meters of water in the near future.
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COMMAND CENTERS, such as the one above in New
Orleans, allow geologists and engineers to monitor and
even control drilling and production equipment in remote
oil fields via satellite and modem connections. With en-
crypted digital communications, oil companies can now di-
agnose production problems faster and can save the ex-
pense of flying highly paid experts around the world.
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Liquid Fuels from Natural Gas

Natural gas is cleaner and more plentiful than oil.
New ways to convert it to liquid form may soon make it

just as cheap and convenient to use in vehicles

by Safaa A. Fouda

ecently countless California mo-

torists have begun contributing to

a remarkable transition. Few of
these drivers realize that they are doing
something special when they tank up
their diesel vehicles at the filling station.
But, in fact, they are helping to wean
America from crude oil by buying a fuel
made in part from natural gas.

Diesel fuel produced in this uncon-
ventional way is on sale in California
because the gas from which it is derived
is largely free of sulfur, nitrogen and
heavy metals—substances that leave the
tailpipe as noxious pollutants. Blends
of ordinary diesel fuel and diesel synthe-
sized from natural gas (currently pro-
duced commercially by Shell in Indone-
sia) meet the toughest emissions stan-
dards imposed by the California Air
Resources Board.

But natural gas is not only the clean-
est of fossil fuels, it is also one of the
most plentiful. Industry analysts esti-
mate that the world holds enough read-
ily recoverable natural gas to produce
500 billion barrels of synthetic crude—
more than twice the amount of oil ever
found in the U.S. Perhaps double that
quantity of gas can be found in coal
seams and in formations that release
gas only slowly. Thus, liquid fuels de-
rived from natural gas could keep over-
all production on the rise for about a
decade after conventional supplies of
crude oil begin to dwindle.

Although global stocks of natural gas
are enormous, many of the deposits lie
far from the people in need of energy.
Yet sending gas over long distances of-
ten turns out to be prohibitively expen-
sive. Natural gas costs four times as
much as crude oil to transport through
pipelines because it has a much lower
energy density. The so-called stranded
gas can be cooled and compressed into
a liquid for shipping by tanker. Unfor-
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tunately, the conversion facilities required
are large and complex, and because
liquefied natural gas is hard to handle,
the demand for it is rather limited.

But what if there were a cheap way
to convert natural gas to a form that re-
mains liquid at room temperature and
pressure? Doing so would allow the en-
ergy to be piped to markets inexpen-
sively. If the liquid happened to be a
fuel that worked in existing vehicles, it
could substitute for oil-based gasoline
and diesel. And oil producers would
stand to profit in many instances by sell-
ing liquid fuels or other valuable chem-
icals made using the gas coming from
their wells.

Right now the gas released from oil
wells in many parts of the world holds
so little value that it is either burned on
site or reinjected into the ground. In
Alaska alone, oil companies pump about
200 million cubic meters (roughly seven
billion cubic feet) of natural gas back
into the ground daily—in large part to
avoid burdening the atmosphere with
additional carbon dioxide, a worrisome
greenhouse gas.

But recent technical advances have
prompted several oil companies to con-
sider building plants to convert this nat-
ural gas into liquid form, which could
then be delivered economically through
the Alaska pipeline. On the Arabian Pe-
ninsula, the nation of Qatar is negotiat-
ing with three petrochemical companies
to build gas conversion plants that
would exploit a huge offshore field—a
single reservoir that contains about a
tenth of the world’s proved gas reserves.
And Norway’s largest oil company, Stat-
oil, is looking at building relatively small
modules mounted on floating platforms
to transform gas in remote North Sea
fields into liquids. Although these ef-
forts will use somewhat different tech-
nologies, they all must address the same

Copyright 1998 Scientific American, Inc.

fundamental problem in chemistry: mak-
ing larger hydrocarbon molecules from
smaller ones.

The Classic Formula

he main component of natural gas is

methane, a simple molecule that has
four hydrogen atoms neatly arrayed
around one carbon atom. This symme-
try makes methane particularly stable.
Converting it to a liquid fuel requires
first breaking its chemical bonds. High
temperatures and pressures help to tear
these bonds apart. So do cleverly de-
signed catalysts, substances that can fos-
ter a chemical reaction without them-
selves being consumed.

The conventional “indirect” approach
for converting natural gas to liquid form
relies on brute force. First, the chemical
bonds in methane are broken using
steam, heat and a nickel-based catalyst
to produce a mixture of carbon mon-
oxide and hydrogen known as syngas
(or, more formally, synthesis gas). This
process is called steam re-forming.

The second step in the production of
liquid fuels (or other valuable petro-
chemicals) from syngas uses a method
invented in 1923 by Franz Fischer and
Hans Tropsch. During World War II,
Germany harnessed this technique to
produce liquid fuels using syngas made
from coal and atmospheric oxygen, thus
establishing a reliable internal source
for gasoline and diesel.

This Fischer-Tropsch technology has
allowed Sasol in South Africa to pro-
duce liquid fuels commercially for de-
cades using syngas derived from coal.
The company uses the same basic tech-
nique today: syngas blown over a cata-
lyst made of cobalt, nickel or iron trans-
forms into various liquid hydrocarbons.
Conveniently, the Fischer-Tropsch reac-
tion gives off heat, and often this heat is
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FLARED GAS heats the air uselessly around an oil well in
Wyoming. Such supplies of natural gas are wasted because
they are much more expensive than oil to transport by pipeline.
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used to drive the oxygen compressors
needed to make syngas.

Just which liquids emerge from the re-
action depends on temperature. For ex-
ample, running a reaction vessel at 330
to 350 degrees Celsius (626 to 662 de-
grees Fahrenheit) will primarily produce
gasoline and olefins (building blocks of-
ten used to make plastics). A cooler (180
to 250 degree C) operation will make
predominantly diesel and waxes. In any
case, a mixture results, so a third and
final step is required to refine the prod-
ucts of the reaction into usable fuels.

Refining synthetic crudes derived from
gas is in many respects easier than work-
ing with natural crude oil. Synthetic
crude contains virtually no sulfur and
has smaller amounts of cancer-causing
compounds than are found in conven-
tional oil. So the final products are pre-
mium-quality fuels that emit fewer
harmful substances.

A Partial Solution

his brute-force method of convert-
ing gas to liquids is reliable, but it is
expensive because it uses so much en-
ergy. Conventional steam re-forming
compresses methane and water vapor
to about 30 times normal atmospheric
pressure and heats these reactants to
about 900 degrees C. And one must add
more heat still, to coax the energy-hun-
gry reaction continuously along. This
extra heat comes from injecting a small
amount of oxygen into the mixture,
which combusts some of the methane
(and, as an added benefit, makes more
syngas). Chemists call this latter ma-
neuver partial oxidation.
In general, syngas is generated using
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various combinations of steam re-form-
ing and partial oxidation. In most cas-
es, the process requires large quantities
of oxygen—and oxygen is costly. Exist-
ing methods of separating oxygen from
air rely on refrigeration to cool and lig-
uefy it, an energy-intensive and expen-
sive manipulation. Hence, lowering the
cost of oxygen is the key to making syn-
gas cheaply.

Fortunately, recent developments
promise to revolutionize the way oxy-
gen is produced over the next few years.
One strategy is simply to work with air
instead of pure oxygen. Syntroleum
Corporation in Tulsa has developed a
way to make liquid fuels using blown
air and methane for the re-forming step,
followed by Fischer-Tropsch synthesis.
At sites where natural gas is sufficiently
cheap (for example, places where it is
now being flared), the process should
prove profitable even at current crude
oil prices. Together with Texaco and
the English company Brown & Root,
Syntroleum plans to build a commercial
plant that will use this technique within
two years.

Several other private companies, uni-
versities and government research labo-
ratories are pursuing a wholly different
approach to the oxygen problem: they
are developing ceramic membranes
through which only oxygen can pass.
These membranes can then serve as fil-
ters to purify oxygen from air. Though
still difficult and expensive to construct,
laboratory versions work quite well.
They should be commercially available
within a decade.

Such materials could reduce the cost
of making syngas by about 25 percent
and lower the cost of producing liquid
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HARMFUL VEHICLE EMISSIONS were
lowered somewhat in 1993, when U.S. regu-
lations required that diesel fuel be reformu-
lated to reduce pollution. Fuel derived from
natural gas using Fischer-Tropsch synthesis
creates even fewer emissions than reformu-
lated diesel.

fuels by 15 percent. These savings would
accrue because the production of syn-
gas could be done at temperatures about
200 degrees lower than those currently
used and because there would be no
need to liquefy air. With cheap and plen-
tiful oxygen, partial oxidation alone
could supply syngas. This first step
would then release energy rather than
consume it.

My Canadian colleagues and I, along
with researchers at the University of Flo-
rida, are now attempting to create a dif-
ferent kind of ceramic membrane that
would offer yet another advantage. The
membranes we are trying to develop
would remove hydrogen from the gas
mixture, driving the partial oxidation
of methane forward and providing a
stream of pure hydrogen that could be
used later in refining the final products
or as an energy source itself.

We also expect to see significant im-
provements soon in the catalysts used to
make syngas. In particular, researchers
at the University of Oxford are studying
metal carbides, and my colleagues at the
Canadian Center for Mineral and Ener-
gy Technology are investigating large-
pore zeolites. Both materials show great
promise in reducing the soot generated
during operation, a problem that not
only plugs the reactor but also reduces
the activity of the catalysts over time.

Cheaper than Oil?

Ithough the prospects for such brute-
force methods of converting natu-
ral gas to liquid fuel improve every day,
more ingenious techniques on the hori-
zon would accomplish that transforma-
tion in a single step. This approach
could potentially cut the cost of conver-
sion in half, which would make liquid
fuels produced from natural gas actual-
ly less expensive than similar products
refined from crude oil.

Early efforts to achieve such “direct”
conversion by using different catalysts
and adding greater amounts of oxygen
had produced mostly disappointment.
The hydrocarbons that were formed
proved more reactive than the methane
supplied. In essence, they burned up

Liquid Fuels from Natural Gas
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faster than they were produced. Unless
the product is somehow removed from
the reaction zone, yields are too low to
be practical.

Fortunately, researchers have recently
found ways to circumvent this problem.
The trick is to run the reaction at com-
paratively mild temperatures using ex-
otic catalysts or to stabilize the product
chemically—or to do both. For example,
chemists at Pennsylvania State Univer-
sity have converted methane to metha-
nol directly using a so-called homoge-
neous catalyst, a liquid that is thorough-
ly mixed with the reactants and held at
temperatures lower than 100 degrees C.
And Catalytica, a company in Moun-
tain View, Calif., has achieved yields for
direct conversion that are as high as 70
percent using a similar scheme. Its lig-
uid catalyst creates a relatively stable
chemical intermediate, methyl ester, that
is protected from oxidation. The final
product (a methanol derivative) is easi-
ly generated with one subsequent step.

Methanol (also known as wood alco-
hol) is valuable because it can be readi-
ly converted to gasoline or to an octane-
boosting additive. And in the near fu-
ture methanol (either used directly or
transformed first into hydrogen gas)
could also serve to power fuel-cell vehi-
cles on a wide scale. Thus, methanol can
be regarded as a convenient currency for
storing and transporting energy.

Moreover, the reactions used to syn-
thesize methanol can be readily adjust-
ed to churn out diesel alternatives such
as dimethyl ether, which produces far
fewer troublesome pollutants when it
burns. So far dimethyl ether, like pro-
pane, has found little use as a transpor-
tation fuel because it is a gas at room
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temperature and pressure. But
recently Air Products, a suppli-

er of industrial gases in Allentown, Pa.,
announced the production of a dimeth-
yl ether derivative that is liquid at ambi-
ent conditions. So this substitute for con-
ventional diesel fuel would reduce emis-
sions without major changes to vehicles
and fueling stations.

Now You’re Cooking with Gas

cientists and engineers are pursuing

many other possible ways to im-
prove the conversion of natural gas into
liquids. For instance, process develop-
ers are constantly improving the vessels
for the Fischer-Tropsch reaction to pro-
vide better control of heat and mixing.

The most ambitious efforts now un-
der way attempt to mimic the chemical
reactions used by specialized bacteria
that consume methane in the presence
of oxygen to produce methanol. Low-
temperature biological reactions of this
kind are quite promising because they
can produce specific chemicals using
relatively little energy.

Whether or not this bold line of re-
search ultimately succeeds, it is clear
that even today natural gas can be con-
verted into liquid fuels at prices that are
only about 10 percent higher per barrel
than crude oil. Modest improvements
in technology, along with the improved
economics that come from making spe-
cialty chemicals as well from gas, will
broaden the exploitation of this abun-
dant commodity in coming years. Such
developments will also provide remark-
ably clean fuels—ones that can be easily
blended with dirtier products refined
from heavier crude oils to meet increas-
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ingly strict environmental standards. So
the benefits to society will surely multi-
ply as people come to realize that natu-
ral gas can do much more than just run
the kitchen stove. 5]
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