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OIL PRODUCTION, CLIMATE CHANGE AND GEOPOLITICS

The End of Cheap Oil

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

COLIN J. CAMPBELL AND JEAN H. LAHERRÈRE

In 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 response to an Arab embargo and then nearly doubled again when Iran dethroned 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 emotional 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 Middle Eastern members of the Organization of Petroleum Exporting Countries (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 demand 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 discovery 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 distorted estimates of reserves. A second mistake is pretending that production will remain constant. Third and most important, conventional wisdom erroneously 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 unless demand declines commensurately. Global production of conventional oil will begin to decline sooner than most people think, probably within 10 years. Using several different techniques to estimate the current reserves of conventional oil and the amount still left to be discovered, we conclude that the decline 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 independent consultants. Over the years, we have come to appreciate that the relevant statistics are far more complicated 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 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 discovered 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 numbers is to look them up in any of several publications. That approach works well enough for cumulative production statistics because companies meter the oil as it flows from their wells. The record of production is not perfect (for example, 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 petroleum 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 recoverable oil but only a 10 percent chance that it will yield 2,500 million 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.

In practice, companies and countries are often deliberately vague about the likelihood of the reserves they report, preferring instead to publicize whichever 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 exclusive oil rights in the main OPEC countries, need not (and do not) release detailed statistics on each field that could be used to verify the country’s total reserves. There is thus good reason to suspect 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 governments took them over, had probably been conservative, P90 numbers. So some upward revision was warranted. But no major new discoveries or technological breakthroughs justified the addition of a staggering 287 Gbo. That increase is more than all theoil ever discovered in the U.S.—plus 40 percent. Non-OPEC countries, of course, are not above fudging their numbers either: 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 Commission allows companies to call reserves “proved” only if the oil lies near a producing well and there is “reasonable 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 definitions. For many years, the former Soviet countries have routinely released wildly optimistic figures—essentially P 10 reserves. Yet analysts have often misinterpreted 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 answer, because adding what is 90 percent 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 entire planet. On the contrary, summing many P90 reserve estimates always understates 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 Petroconsultants in Geneva. This information, assembled over 40 years from myriad sources, covers some 18,000 oil fields worldwide. It, too, contains some dubious reports, but we did our best to correct these sporadic errors.

According to our calculations, the world had at the end of 1996 approximately 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 estimated by World Oil. The difference is actually greater than it appears because 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 critical 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 whether, and how fast, reserves are moving up or down. It is here that the official statistics become dangerously misleading.

Diminishing Returns

According to most accounts, world oil reserves have marched steadily upward over the past 20 years. Extending 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, increasing 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 declining. 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 opted not to report declines in their reserves, perhaps to enhance their political cachet and their ability to obtain loans. A more important cause of the expansion lies in revisions: oil companies replaced 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 explorers will uncover in the future, one has to backdate every revision to the year in which the field was first discovered—not to the year in which a company or country corrected an earlier estimate. Doing so reveals that global discovery 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 estimate the ultimate recovery of conventional oil for each country [see sidebar, “How Much Oil Is Left to Find?” page 7], and we calculate that the oil industry will be able to recover only about another 1,000 billion barrels 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 spending 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 technology for finding and recovering oil, and they scoured the world for new fields. They found few: the discovery rate continued its decline uninterrupted. 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 straightforward once one has a good estimate of how much oil there is left to produce. We simply apply a refinement of a technique first published in 1956 by M. King Hubbert. Hubbert observed that in any large region unrestrained extraction of a finite resource rises along a bell-shaped curve that peaks when about half the resource is gone. To demonstrate his theory, Hubbert fitted a bell curve to production statistics and projected 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 producers outside the Middle East, also follows Hubbert curves quite faithfully.

The global picture is more complicated, because the Middle East members of OPEC deliberately reined back their oil exports in the 1970s, while other nations continued producing at full capacity. Our analysis reveals that a number of the largest producers, including Norway and the UK, will reach their peaks around the turn of the millennium unless they sharply curtail production. By 2002 or so the world will rely on Middle East nations, particularly five near the Persian Gulf (Iran, Iraq, Kuwait, Saudi Arabia and the United Arab Emirates), to fill in the gap between dwindling 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 production of conventional oil will peak during the first decade of the 21st century.

Perhaps surprisingly, that prediction does not shift much even if our estimates 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 recent estimates of oil remaining: 2,036 Gbo. (Edwards concedes that the industry has only a 5 percent chance of attaining that very high goal.) Even so, his calculations suggest that conventional 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 water and polar regions remain to be fully tested, and even their prospects are now reasonably well understood. Theoretical advances in geochemistry and geophysics 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 example, has been shown to be absolutely nonprospective for geologic reasons.

What about the much touted Caspian 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 Assessment 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 sometimes reported in the media.

A second common rejoinder is that new technologies have steadily increased the fraction of oil that can be recovered from fields in a basin—the so-called recovery factor. In the 1960s oil companies 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,” page 10]. 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 definition were 90 percent likely 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 compute their reserve estimates. In truth, advanced technologies offer little 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.

Last, economists like to point out that the world contains enormous caches of unconventional oil that 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 Venezuela 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. Theoretically, these unconventional oil reserves could quench the world’s thirst for liquid fuels as conventional oil passes its prime. But the industry will be hard-pressed for the time and money needed to ramp up production of unconventional oil quickly enough.

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

Meanwhile, 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 Administration fore casts that worldwide demand 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 certainly 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 nations’ 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 increases in oil prices. That alone might be sufficient to curb demand, flattening production for perhaps 10 years. (Demand fell more than 10 percent after the 1979 shock and took 17 years to recover.) But by 2010 or so, many Middle 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,” page 147]. Safer nuclear 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 administration 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 abundant and cheap oil on which all industrial nations depend.


How Much Oil Is Left to Find?

We 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 off the coast of Britain, for example, will yield about 420 million barrels (a). Second, we plotted the amount of oil discovered so far in some regions against the cumulative number of exploratory wells drilled there. Because larger fields tend to be found first—they are simply too large to miss—the curve rises rapidly and then flattens, eventually reaching a theoretical 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). (Interestingly, galaxies, urban populations and other natural agglomerations 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 Persian Gulf region, to the rise and fall of oil discovery in those places decades earlier (d).
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The End of Oil

Will gas lines in the coming decade make those of 1973 look short?

PAUL RAEBURN

Review of Hubbert’s Peak: The Impending World Oil Shortage, by Kenneth S. Deffeyes, Princeton University Press, 2001

You have to wonder about the judgment of a man who writes, “As I drive by those smelly refineries on the New Jersey Turnpike, I want to roll the windows down and inhale deeply.” But for Kenneth S. Deffeyes, that’s the smell of home. The son of a petroleum engineer, he was born in Oklahoma, “grew up in the oil patch,” became a geologist and worked for Shell Oil before becoming a professor at Princeton University. And he still knows how to wield a 36-inch-long pipe wrench.

In Hubbert’s Peak, Deffeyes writes with good humor about the oil business, but he delivers a sobering message: the 100-year petroleum era is nearly over. Global oil production will peak sometime between 2004 and 2008, and the world’s production of crude oil “will fall, never to rise again.” If Deffeyes is right—and if nothing is done to reduce the increasing global thirst for oil—energy prices will soar, and economies will be plunged into recession as they desperately search for alternatives.

It’s tempting to dismiss Deffeyes as just another of the doomsayers who have been predicting, almost since oil was discovered, that we are running out of it. But Deffeyes makes a persuasive case that this time it’s for real. This is an oilman and geologist’s assessment of the future, grounded in cold mathematics. And it’s frightening.

Deffeyes’s prediction is based on the work of M. King Hubbert, a Shell geologist who in 1956 predicted that U.S. oil production would peak in the early 1970s and then begin to decline. Hubbert was dismissed by many experts inside and outside the oil industry. Pro-Hubbert and anti-Hubbert factions arose and persisted until 1970, when U.S. oil production peaked and started its long decline.

The Hubbert method is based on the observation that oil production in any region follows a bell-shaped curve. Production increases rapidly at first, as the cheapest and most readily accessible oil is recovered. As the difficulty of extracting the oil increases, it becomes more expensive and less competitive with other fuels. Production slows, levels off and begins to fall.

Hubbert demonstrated that total U.S. oil production in 1956 was tracing the upside of such a curve. To know when the curve would most likely peak, however, he had to know how much oil remained in the ground. Underground reserves provide a glimpse of the future: when the rate of new discoveries does not keep up with the growth of oil production, the amount of oil remaining underground begins to fall. That’s a tip-off that a decline in production lies ahead.

Deffeyes used a slightly more sophisticated version of the Hubbert method to make the global calculations. The numbers pointed to 2003 as the year of peak production, but because estimates of global reserves are inexact, Deffeyes settled on a range from 2004 to 2008.

Three things could upset Deffeyes’s prediction. One would be the discovery of huge new oil deposits. A second would be the development of drilling technology that could squeeze more oil from known reserves. And a third would be a steep rise in oil prices, which would make it profitable to recover even the most stubbornly buried oil.

In a delightfully readable and informative primer on oil exploration and drilling, Deffeyes addresses each point. First, the discovery of new oil reserves is unlikely—petroleum geologists have been nearly everywhere, and no substantial finds have been made since the 1970s. Second, billions have already been poured into drilling technology, and it’s not going to get much better. And last, even very high oil prices won’t spur enough new production to delay the inevitable peak.

“This much is certain,” he writes. “No initiative put in place starting today can have a substantial effect on the peak production year. No Caspian Sea exploration, no drilling in the South China Sea, no SUV replacements, no renewable energy projects can be brought on at a sufficient rate to avoid a bidding war for the remaining oil.”

The only answer, Deffeyes says, is to move as quickly as possible to alternative fuels—including natural gas and nuclear power, as well as solar, wind and geothermal energy. “Running out of energy in the long run is not the problem,” Deffeyes explains. “The bind comes during the next 10 years: getting over our dependence on crude oil.”

The petroleum era is coming to a close. “Fossil fuels are a one-time gift that lifted us up from subsistence agriculture and eventually should lead us to a future based on renewable resources,” Deffeyes writes. Those are strong words for a man raised in the oil patch. For the rest of us, the end of the world’s dependence on oil means we need to make some tough political and economic choices. For Deffeyes, it means he can’t go home again.

—OCTOBER 2001

Oil Production in the 21st Century

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

ROGER N. ANDERSON

On 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 almost 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 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 company Elf has discovered giant deposits off the coast of West Africa. In the same period, the company’s stock doubled, as industry analysts forecasted that Elf’s production would increase 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 subterranean oil.
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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. Seismologists 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 credited 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.
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Gassing Things Up

When 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 naturally settles between lighter gas above and heavier groundwater below—oversimplifies the behavior of real oil fields. In fact, most wells produce complex, 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 dioxide 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.

Steering to Missed Oil

A 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 corner— the bend would break the rotating string. So steerable drill strings do not rotate; instead, a mud-driven motor inserted 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 companies have developed sophisticated sensors that significantly improve the accuracy of drilling. These devices, which operate at depths of up to 6,000 meters and at temperatures as 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 production equipment on top of the wellhead. But several companies 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 surface. Instead a pump, controlled by a computer in the drill pipe, will inject the wastewater below the oil level.
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Wading in Deeper

Perhaps the oil industry’s last great frontier is in deep water, in fields that lie 1,000 meters or more below the surface 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 needed 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 funneled 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 conventional seismic surveys they scatter nearly all the sound energy so that oil fields below are hidden from view. But recently 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 enormously expensive, but innovation and necessity have led to a new wave of exploration in that realm. Already the 10 largest oil companies working in deep water have discovered new fields that will add 5 percent to their combined oil reserves, an increase not yet refected in global reserve estimates.
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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 impending shortfall in the supply of crude oil, they will buy critical time for making an orderly transition to a world fueled by other energy sources.

—MARCH 1998

The Arctic Oil and Wildlife Refuge

The last great onshore oil field in America may lie beneath the nations last great coastal wilderness preserve. Science can clarify the potential economics and the ecological risks of drilling into it.

W. WAYT GIBBS

Flying from Deadhorse, Alaska, west to Phillips Petroleum’s new Alpine oil field, you can watch the evolution of oil development on the North Slope scroll below like a time-lapse film. At takeoff, the scene fills with the mammoth field where it all began: Prudhoe Bay, discovered in 1968 and uncorked in 1977 to send its oil down the Trans-Alaska Pipeline to the ice-free port at Valdez.

Climbing higher, the plane tracks feeder pipelines that zig westward to Kuparuk, second only to Prudhoe among the most oil-rich onshore fields yet found in North America. Like Prudhoe, Kuparuk has grown since its opening in 1981 into a scattershot of gravel well pads connected over 800 square miles by a web of roads and pipes to giant processing plants, camp buildings, vehicle lots and dark pits full of rock and mud drilled from the deep.

To the north, the artificial islands of Northstar and Endicott appear just offshore. And as the light descends onto the airstrip at Alpine, you fast-forward to the state of the art in petroleum engineering. Industry executives often cite this nearly roadless, 94-acre project as a model of environmentally and financially responsible oil development, proof that oil companies have learned how to coexist with delicate Arctic ecosystems.

Alpine is the newest and westernmost of the North Slope oil fields, but not for long. When its valves opened in November 2000, crude oil flowed the 50 miles back to Pump Station 1 near Deadhorse—as all oil produced on the slope must—via a new tributary to the pipeline system. By February, Alpine’s production had already hit the plant’s maximum output of almost 90,000 barrels a day. But the pipe to Deadhorse can carry much more.

It was built with the future in mind, and from Alpine the future of the hydrocarbon industry on the North Slope heads in three directions at once. It will continue westward, into the 23-million-acre National Petroleum Reserve-Alaska (NPR-A) on which Alpine borders. The federal government put four million acres up for lease in 1999, and exploration began last year. New fields there will deliver their oil through Alpine’s pipe.

The future may lead southward as well. Soaring gas prices spurred North Slope companies last year to commit $75 million to plan a $10 billion natural gas pipeline that would open some 35 trillion cubic feet of untapped reserves to the lower American states by the end of the decade.

Beyond 2010, Phillips, BP and the other Alaskan oil producers look toward the east for new opportunities. Not 30 miles past Badami, the eastern terminus of the North Slope infrastructure, lie the coastal plain and tussock tundra of the so-called 1002 Area. It is named for the section of the Alaska National Interest Lands Conservation Act of 1980 that set aside 1.5 million acres of federal property in deference to geologists’ guesses that the region entombs billions of barrels of oil and trillions of cubic feet of gas.

The same act placed the 1002 Area inside the 19-million-acre Arctic National Wildlife Refuge (ANWR), in deference to biologists’ observations that the coastal plain provides a premium Arctic habitat: calving ground for the Porcupine caribou herd; nesting and staging wetlands for tundra swans and other migratory waterfowl; dens for polar bears and arctic foxes; and year-round forage for a small herd of musk oxen.

Congress thus instigated one of the longest-running environmental turf wars of the past century, and the darts have again begun to fly. On February 26, Senator Frank H. Murkowski of Alaska introduced S. 389, a bill that would open the 1002 Area to oil and gas exploration and production. The bill allows the Bureau of Land Management to restrict the activities to ensure that they “will result in no significant adverse effect on the fish and wildlife, their habitat, subsistence resources and the environment.”

Can careful regulation prevent such effects? Or does even the most compact, high-tech, thoroughly monitored oil development pose an unacceptable risk to the largest American wildlife refuge remaining so close to its natural condition?


The Debate: Oil us. Wildlife

• Senate bill S. 389 would open the coastal plain and foothills of the Arctic National Wildlife Refuge, the so-called 1002 Area, to oil development. A competing bill, S. 411, would designate the area as wilderness, prohibiting development.

• Geologists have used 1985 seismic data to estimate how much profitable oil and gas lies below the surface. But before any lease sale, oil companies would conduct new seismic surveys. That would leave a grid of visible scars in the vegetation of the plain but would have little or no effect on wildlife.

• Ice roads and exploration wells would follow. Fish and waterfowl may suffer if rivers and lakes are overdrained.
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• A network of oil fields, processing plants and pipelines would extract the oil. A nearly roadless development may have little effect on the herd of





What Lies Beneath















There’s the Rub






What Harm in Looking?





(Wild) Life Goes On















PART TWO

THE FUTURE

[image: ] OF ENERGY [image: ]




ABOUT THE AUTHORS*

Roger N. Anderson is director of petroleum technology research at the Energy Center of Columbia University. After growing up with a father in the oil industry, Anderson completed his Ph.D. in earth sciences at the Scripps Institution of Oceanography at the University of California, San Diego. He sits on the board of directors of Bell Geospace and 4D Systems and spends his summers consulting for oil and service companies. Anderson has published more than 150 peer-reviewed scientific papers and holds seven U.S. patents.

Luis Miguel Ariza is a freelance science writer based in Madrid.

Steven Ashley is a Scientific American technology writer and editor.

Tim Beardsley is a Scientific American staff writer.

Ralph G. Bennett has played a leading role in the U.S. nuclear energy program. Currently director of nuclear energy at the U.S. Department of Energy’s Idaho National Engineering and Environmental Laboratory (INEEL), he is a member of the team that leads the DOE’s Generation IV effort.

Christopher E. Borroni-Bird joined GM in June 2000 as director of design and technology fusion, a group that applies emerging technology to improve vehicle design. He is also director of the AUTOnomy program, which includes the Hy-wire prototype vehicle. Together with J. Byron McCormick and Lawrence D. Burns, he plays a leading role in the fuel-cell development efforts of General Motors. Previously, Borroni-Bird managed Chrysler’s Jeep Commander fuel-cell vehicle program.

Lawrence D. Burns is vice president of GM Research & Development and Planning. He oversees the company’s advanced technology and innovation programs and is responsible for the company’s product portfolio, capacity and business plans. Burns is a member of the Automotive Strategy Board, GM’s highest-level management team. Together with J. Byron McCormick and Christopher E. Borroni-Bird he plays a leading role in the fuel-cell development efforts of General Motors.

Colin J. Campbell has worked in the oil industry for more than 40 years. After completing his Ph.D. in geology at the University of Oxford, he worked for Texaco as an exploration geologist and then at Amoco as chief geologist for Ecuador. His decade-long study of global oil-production trends has led to two books and numerous papers. He is currently associated with Petroconsultants in Geneva.

M. George Craford, who made the first yellow LED, managed the LED technology groups at Monsanto and Hewlett-Packard before becoming chief technology officer at LumiLeds Lighting in San Jose, California, a firm jointly created by Philips and Agilent Technologies to seek emerging LED applications.

John M. Deutch is an institute professor at the Massachusetts Institute of Technology and was a cochair of the 2003 interdisciplinary MIT study entitled The Future of Nuclear Power. He has held many government positions. He was director of energy research and undersecretary of energy (1977–1980) and later deputy secretary of defense (1994–1995) and director of central intelligence (1994–1996). He is currently cochairing an MIT study on the future of coal.

Rodger Doyle is a regular writer for Scientific American.

Baldur Eliasson, head of ABB’s Energy and Global Change Program, is the Swiss representative to as well as vice chairman of the International Energy Agency’s Greenhouse Gas Research and Development Program.

Safaa A. Fouda received a doctorate in chemical engineering from the University of Waterloo in 1976. Since 1981 she has worked at the CAN-MET Energy Technology Center, a Canadian government laboratory in Nepean, Ontario. There she manages a group of researchers studying natural gas conversion, emissions control, waste oil recycling and liquid fuels from renewable sources. Recently, she headed an international industrial consortium intent on developing better methods to convert natural gas to liquid fuels.

W. Wayt Gibbs is a former senior writer for Scientific American.

Paul M. Grant worked for IBM for 40 years, starting in 1953 at age 17 as a pinsetter at the company bowling alley. After earning a Ph.D. in physics at Harvard University, he joined the San Jose Research Laboratory, where he participated in the discovery of high-temperature superconductivity. From 1993 to 2004, Grant was a science fellow at the Electric Power Research Institute (EPRI), which was founded by coauthor Chauncey Starr in 1973.

William H. Hannum served as head of nuclear physics development and reactor safety research at the U.S. Department of Energy. He was also deputy director general of the Nuclear Energy Agency of the Organization for Economic Cooperation and Development in Paris.

James Hansen is director of the NASA Goddard Institute for Space Studies and a researcher at the Columbia University Earth Institute. He received his Ph.D. in physics and astronomy from the University of Iowa, where he studied under James Van Allen. Hansen is best known for his testimony to congressional committees in the 1980s that helped to raise awareness of the global warming issue.

David G. Hawkins is director of the Climate Center at the Natural Resources Defense Council (NRDC), where he has worked on air, energy and climate issues for 35 years. Hawkins serves on the boards of many bodies that advise government on environmental and energy subjects.

Howard Herzog, a principal research engineer at the Massachusetts Institute of Technology Energy Laboratory, is the primary author of a 1997 U.S. Department of Energy White Paper on carbon sequestration.

John B. Heywood is Sun Jae Professor of Mechanical Engineering and director of the Sloan Automotive Lab at the Massachusetts Institute of Technology. He was educated at the University of Cambridge and at MIT, where he joined the faculty in 1968. He is author of the widely used textbook Internal Combustion Engine Fundamentals (McGraw-Hill, 1988) and is a member of the National Academy of Engineering and the American Academy of Arts and Sciences.

William Hoagland received an MS degree in chemical engineering from the Massachusetts Institute of Technology. After working for Syntex, Inc., and the Procter & Gamble Company, he joined the National Renewable Energy Laboratory (formerly the Solar Energy Research Institute) in Golden, Colorado, where he managed programs in solar materials, alcohol fuels, biofuels and hydrogen. Hoagland is currently president of W. Hoagland & Associates, Inc., in Boulder.

Nick Holonyak, Jr., professor of electrical and computer engineering and physics at the University of Illinois, is credited as being the inventor of the first practical LED: the red gallium arsenide phosphide LED. He was also two-time Nobelist John Bardeen’s first Ph.D. student.

Eberhard K. Jochem is professor of economics and energy economics at the Swiss Federal Institute of Technology (ETH) in Zurich and director of the Center for Energy Policy and Economics there. Educated as a chemical engineer and economist at the technical universities of Aachen and Munich, he was a postdoctoral fellow at the Harvard School of Public Health in 1971 and 1972 before beginning his research in energy and material efficiency at the Fraunhofer Institute for Systems and Innovation Research. He is a member of the editorial board of several scientific journals and of the Encyclopedia of Energy and a member of the Swiss Academy of Engineering Sciences.

Olav Kaarstad, principal research adviser in the area of energy and environment at the Norwegian oil and gas company Statoil, is currently involved in the ongoing carbon dioxide–injection project at the Sleipner field in the North Sea.

Daniel M. Kammen is Class of 1935 Distinguished Professor of Energy at the University of California, Berkeley, where he holds appointments in the Energy and Resources Group, the Goldman School of Public Policy and the department of nuclear engineering. He is founding director of the Renewable and Appropriate Energy Laboratory and codirector of the Berkeley Institute of the Environment.

David W. Keith is an assistant professor in the department of engineering and public policy at Carnegie Mellon University. He often collaborates on environmental policy research with Edward A. Parson.

Frederick A. Kish, Jr., is a leader in his work on light-emitting diodes. He is R&D and manufacturing department manager at Agilent Technologies, where he was one of the primary instigators of a new family of high-brightness red-orange-yellow LEDs, which were the first LEDs to exceed the efficiency of unfiltered incandescent bulbs and are now the dominant technology for traffic signals and exterior lights on automobiles. Kish and coauthor M. George Craford were graduate students in Nick Holonyak’s laboratory.

John F. Kotek has played a leading role in the U.S. nuclear energy program. He is manager of the special projects section at Argonne National Laboratory-West in Idaho and a member of the team that directs the DOE’s Generation IV effort. Before joining Argonne in 1999, he was associate director for technology in the DOE’s Office of Nuclear Energy, Science and Technology.

Jean H. Laherrère has worked in the oil industry for more than 40 years. His early work on seismic refraction surveys contributed to the discovery of Africa’s largest oil field. At Total, a French oil company, he supervised exploration techniques worldwide. He is currently associated with Petroconsultants in Geneva.

James A. Lake has played a leading role in the U.S. nuclear energy program. He is associate laboratory director for nuclear and energy systems at the U.S. Department of Energy’s Idaho National Engineering and Environmental Laboratory (INEEL), where he heads up research and development programs on nuclear energy and safety as well as renewable and fossil energy. In 2001 he served as president of the American Nuclear Society.

Daniel A. Lashof is science director and deputy director of the NRDC’s Climate Center, at which he has focused on national energy policy, climate science and solutions to global warming since 1989. Before arriving at the NRDC, Lashof developed policy options for stabilizing global climate at the U.S. Environmental Protection Agency.

Alan C. Lloyd is chairman of California’s Air Resources Board, part of the state’s Environmental Protection Agency. When his article was commissioned, he was executive director of the Energy and Environmental Engineering Center at the Desert Research Institute in Nevada. Before that, he was chief scientist at the South Coast Air Quality Management District in California. He wishes to thank the U.S. Fuel Cell Council and Fuel Cells 2000 for their help in the preparation of his article.

Amory B. Lovins is cofounder and chief executive of Rocky Mountain Institute, an entrepreneurial nonprofit organization based in Snowmass, Colorado, and chairman of Fiberforge, an engineering firm in Glenwood Springs, Colorado. A physicist, Lovins has consulted for industry and governments worldwide for more than 30 years, chiefly on energy and its links with the environment, development and security. He has published 29 books and hundreds of papers on these subjects and has received a MacArthur Fellowship and many other awards for his work.

Gerald E. Marsh is a fellow of the American Physical Society and worked as a consultant to the U.S. Department of Defense on strategic nuclear technology and policy in the Reagan, Bush and Clinton administrations. He is coauthor of The Phantom Defense: America’s Pursuit of the Star Wars Illusion (Praeger Press).

J. Byron McCormick is executive director of GM’s Fuel Cell Activities. He has been involved in fuel-cell research throughout his career, initiating and then heading the Fuel Cells for Transportation program at Los Alamos National Laboratories before joining GM in 1986.

Alex P. Meshik began his study of physics at St. Petersburg State University in Russia. He obtained his Ph.D. at the Vernadsky Institute of the Russian Academy of Sciences in 1988. His doctoral thesis was devoted to the geochemistry, geochronology and nuclear chemistry of the noble gases xenon and krypton. In 1996 Meshik joined the Laboratory for Space Sciences at Washington University in St. Louis, where he is currently studying, among other things, noble gases from the solar wind that were collected and returned to the earth by the Genesis spacecraft.

Ernest J. Moniz is a professor of physics at the Massachusetts Institute of Technology and cochaired the 2003 interdisciplinary MIT study entitled The Future of Nuclear Power. He was associate director for science in the Office of Science and Technology Policy (1995–1997) and undersecretary of energy (1997–2001). He is currently cochairing an MIT study on the future of coal.

George Musser is a staff writer at Scientific American.

Eric Niiler is a journalist based in San Diego.

Joan Ogden is professor of environmental science and policy at the University of California, Davis, and codirector of the Hydrogen Pathways Program at the campus’s Institute of Transportation Studies. Her primary research interest is technical and economic assessment of new energy technologies, especially in the areas of alternative fuels, fuel cells, renewable energy and energy conservation. She received a Ph.D. in theoretical physics from the University of Maryland in 1977.

Thomas J. Overbye, who holds the Fox Family Professorship in Electrical and Computer Engineering at the University of Illinois at Urbana-Champaign, contributed to the official investigation of the 2003 North American blackout.

Stephen W. Pacala leads the Carbon Mitigation Initiative at Princeton University with coauthor Robert H. Socolow. The initiative is funded by BP and Ford. He investigates the interaction of the biosphere, atmosphere and hydrosphere on global scales, with an emphasis on the carbon cycle. He is director of the Princeton Environmental Institute.

Edward A. Parson is an associate professor at the John F. Kennedy School of Government at Harvard University. He often collaborates on environmental policy research with David W. Keith.

Paul Raeburn covers science and energy for Business Week and is the author of Mars: Uncovering the Secrets of the Red Planet (National Geographic, 1998).

Jeffrey Sachs is director of the Earth Institute at Columbia University and of the UN Millennium Project.

Gunjan Sinha is based in Berlin.

Robert H. Socolow is professor of mechanical and aerospace engineering at Princeton University. He teaches in both the School of Engineering and Applied Science and the Woodrow Wilson School of Public and International Affairs. A physicist by training, Socolow is currently coprincipal investigator (with ecologist Stephen Pacala) of the university’s Carbon Mitigation Initiative, supported by BP and Ford, which focuses on global carbon management, the hydrogen economy and fossil-carbon sequestration. In 2003 he was awarded the Leo Szilard Lectureship Award by the American Physical Society.

George S. Stanford, whose research focused on experimental nuclear physics, reactor physics and fast-reactor safety, is coauthor of Nuclear Shadowboxing: Contemporary Threats from Cold War Weaponry (Fidlar Doubleday).

Chauncey Starr, a 1990 recipient of the U.S. National Medal of Technology, did early research on cryogenics, managed the atomic energy division of Rockwell International, cofounded the American Nuclear Society, and was president of EPRI for more than a decade.

Gary Stix is an editor and writer for Scientific American.

Julie Wakefield is a science and technology writer based in Washington, D.C.

Matthew L. Wald is a reporter at the New York Times, where he has been covering energy since 1979. He has written about oil refining; coal mining; electricity production from coal, natural gas, uranium, wind and solar energy; electric and hybrid automobiles; and air pollution from energy use. His current assignment is in Washington, D.C., where he also writes about transportation safety and other technical topics.

Robert H. Williams is a senior research scientist at Princeton University, which he joined in 1975. At the university’s Princeton Environmental Institute, he heads the Energy Systems/Policy Analysis Group and the Carbon Capture Group under the institute’s Carbon Mitigation Initiative (which is supported by BP and Ford).

Wendy Wiliams, based in Mashpee, Massachusetts, is studying technologies that reduce carbon emissions through a grant from the Fund for Investigative Journalism.



*This information was compiled at the time the articles were originally published in Scientific American; some biographies may not be completely up-to-date.

OEBPS/Images/chpt_fig_0001.png
0L PRODUCED To OAE (MLLBNS OF RRELS)

oo Looom  swEst
URGET  Uwest FED






OEBPS/Images/chpt_fig_0004.png





OEBPS/Images/chpt_fig_0003.png
. FE#} in color section.





OEBPS/Images/chpt_fig_00.png





OEBPS/Images/chpt_fig_0072.png





OEBPS/Images/fm_fig_0001.jpg
SCIENTIFIC
AMERICAN

CLIMATE REPAIR « HYDROGEN - NUCLEAR FUEL - RENEWABLE AND GREEN SOURCES - ENERGY EFFICIENCY

THE EDITORS OF
SCIENTIFICAMERICANMAGAZINE





OEBPS/Images/chpt_fig_0000.png





OEBPS/Images/chpt_fig_0002.png
i
k-
33
A






OEBPS/Images/chpt_fig_0005.png
oo






OEBPS/Images/chpt_fig_0071.png





OEBPS/Images/chpt_fig_000.png





