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I will begin with a little fun.  My first subject is mating behavior in Philadelphia.    Mating behavior is a domain in which people consider themselves free, if not in India at least in the USA.  So, it may come as a shock, how vulgar and simple are the ways of fate.

(Figure 1: Marriages by distance of partners in Philadelphia)

Consider relating the number of marriages to the distance in blocks between partners. The result is a so-called rank-size distribution, on a logarithmic scale.  The collector of oddball statistics G. K. Zipf graphed data for the first 5000 couples married in the year 1931 in his wonderful 1949 book, Human Behavior and the Principle of Least Effort.  About 350 couples lived 1 block apart, about 100 lived 5 blocks apart, and so on.  The couples line up perfectly, as if to begin a Minuet or perhaps a Highland Fling.  In mathematical terms, the probability of finding the proper partner was inversely proportional to the distance between them to the power of 0.8.  So much for Philadelphia freedom.

The subject of my talk today is not love but another source of heat, namely energy, and the title is “Does Energy Policy Matter?”  My essential point, foretold by the mating behavior of Philadelphians, is that strong constraints greatly reduce the freedom of strategists.  Nevertheless, there are some sensitive areas where efficient decisions can be taken.

Before turning to energy, let me introduce a couple of concepts about how systems grow and evolve. The first concept is that systems grow to limits.  A classic case is the growth of a colony of bacteria in a dish.  

(Figure 2: Growth of a Bacterial Colony with a Logistic Curve)

They grow like an epidemic, in an s-shaped or logistic curve.  In one example the midpoint of the process is 2.5 days, the time the process required to go from 10% to 90% of its completion was 2.2 days, and the saturation was 50 square centimeters.  These same data can be normalized, that is, plotted against 100% of the expected outcome, in a manner that transforms the s-curve into a straight line.  Our analyses demonstrate that energy and other socio-technical systems often grow like bacteria.  I will use some charts that show straight lines that represent transformed S-shaped curves saturating.

The second concept is that systems grow by substitution, by mutation and selection, by evolution.  An innovation, a mutation, enters the picture and if fitter gains a share of the ecological niche or market.  Often the substitution process also follows the s-shaped or logistic curve.  A familiar example to all of us is recording media, where tapes overtook long-playing records, and in turn CDs replaced tapes. 

(Figure 3: Logistical Substitution of U.S. Music Recording Media)

We could add another rising diagonal, for the MP3 system of downloading that is substituting for and overtaking CDs.

Now to views of energy developed over the past 25 years with Cesare Marchetti, Nebojsa Nakicenovic, Arnulf Gruebler, Perrin Meyer, and others.  In our analysis, the master trend of energy evolution is decarbonization.  Molecules of the main so-called fossil fuels, coal, oil, and natural gas, each have a typical ratio of hydrogen to carbon atoms.

(Figure 4: Molecular models of coal, oil, gas, showing H:C ratios)

Coal’s H:C ratio is about 1 to 2, oil 2 to 1, and methane, CH4, is obviously 4 to 1.  Other elements, such as sulfur and mercury of course contaminate the real resources, especially coal and oil.  Importantly, wood has an even more primitive H:C ratio, 1: 10.  Given that hydrogen is much better stuff for burning than carbon, the hydrocarbons clearly form a hierarchy.

When we look at the historical growth of energy consumption over the past 150 years, we find it has grown in long waves of 50-60 years or so, each time built around the development of a more desirable source of energy. 

(Figure 5: Growth Pulses in World Per Capita Energy Consumption)

 The first pulse centered around coal and the second on oil.  A new growth pulse is beginning, centered on gas, now almost everyone's favorite fuel.

The explanation for this pattern of growth is simple.  The overall evolution of the system is driven by the increasing spatial density of energy consumption at the level of the end user, that is, the energy consumed per square meter, for example, in a city.  Finally, fuels must conform to what the end user will accept, and constraints become more stringent, as spatial density rises.  Rich, dense cities accept happily only electricity and natural gas (or, later, hydrogen).

Energy use will keep rising.  One reason is that computer chips could well go into 1000 objects per capita, or 10 trillion objects worldwide, as China and India log into the game.  By the way, some studies suggest the total energy system demand of a cell phone is not unlike a refrigerator, because the telecom system must flood the skies with waves and always be on.   Those of you who have filled your homes with cable modems, wifi, and set-top boxes have noticed more kilowatts on your monthly bills.

Meeting more stringent demands brings us back to decarbonization.  Suppose we put all fuels people have used since 1860 in a blender each year, mixed them, and plotted the yearly ratio of hydrogen to carbon. 

(Figure 6: Decarbonization: Global Evolution of the H:C Ratio )

We find a monotonic rise of H.  According to our analysis, by 2020 the reference point for the world's energy will be CH4, methane.  Beyond 2020 we need to begin introducing more H2 into the system to lift the system average above the norm of methane.  The obvious way is to have the nuclear power plants that generate electricity by day manufacture H2 at night.

We have reached an important place to ask “Does energy policy matter?” Neither Queen Victoria nor Abraham Lincoln decreed a policy of decarbonization.  Yet, the System pursued it.  I was part of the research group that discovered decarbonization in the 1980s and invented the term.  Our societies had been pursuing it for 130+ years before anyone noticed.  Now presidents and energy ministers declaim decarbonization.  I conclude, in general, politicians legitimate what is happening anyway.  But, a nation may be above or below the fated line, a costly variation to which I will return, where politics matters a lot.

Now consider the global trend of decarbonization plotted not as the rise of H but as the fall of C, measured as the C employed to produce each kilowatt of energy or its equivalent. 

(Figure 7: Declining Carbon Intensity of Primary Energy)

 In 1988 my colleagues Gruebler and Nakicenovic and  I extrapolated the 130 year trend out to 2100.  A few years later we had occasion to compare the trend and extrapolation to the forecasts of H/C ratios used in the early reports of the Intergovernmental Panel on Climate Change (IPCC).

(Figure 8: Decarbonization scenarios)

  We laughed and laughed.  The reference line picked by the IPCC in 1990 did not continue the downward secular trend of decarbonization.  Instead the IPCC charted a flat line and labeled it "BAU."  BAU means “Business as Usual.”  This is the energy system projection that pervaded the IPCC's first report and of course had the effect, desired by many associated with the IPCC, of generating terrifying heat.  I called this forecast the Brezhnev Scenario, for technical stagnation.  Properly understood, business as usual, as anyone can see from the past 140 years, is dynamic and progressively eliminates carbon from primary energy by about 2100.

In 1992, spurred by criticism from some of us, the IPCC tried to rectify itself but could not finally accept the idea that ingenuity in the energy sector could continue.  Instead, decarbonization had to expire and keep the IPCC in business.  The most recent IPCC report used more than 40 energy scenarios, with decarbonization, or carbonization, sloping every which way and no probabilities attached.  Of course, none of these scenarios will actually influence the evolution of the system, but the spewing of scenarios by the working group of experts is amusing.  It is a confession that collectively the "experts" know nothing, that science that might undergird their craft is not yet accepted, and that politics strongly bias the projections.  Those whose ends it serves even managed to have included a scenario causing a 5.8 degree C warming by 2100, which of course made the headlines and created the image of the Third Assessment Report of the IPCC.

Now let me return to more direct effects of politics, or of strategies and fate.  Consider the evolution of the USSR energy system fitted with the model of market substitution. 

(Figure 9: USSR – Primary Energy Substitution)

 Several items merit comment.  Most obviously, the Russian Revolution and World War II literally drove Russians back into the woods to collect their fuel.  Yet, these extreme shocks were later absolutely absorbed.  By 1950 one sees no visible effect on the energy system of World War I, the Bolshevik Revolution, the Great Depression, or the Great Patriotic War.  The system had arrived at its genetic destiny.  Along the way, the leaders of Russia and its adversaries had made miserable its population.  Yet, they made no lasting effect on the USSR energy system.  Wood was disappearing right on schedule, coal peaking, oil growing, gas soaring, and nuclear penetrating.

Interestingly, the early oil bubble that Alfred Nobel created in Russia also could not be sustained.  In 1900 oil provided more than 10% of Russian primary energy.  It took until about 1950 before the infrastructure to use that fuel was in place.  So, both central planner Joseph Stalin and entrepreneur-capitalist Alfred Nobel had unsustainable energy strategies.

Let me remark in turn on the accomplishment of US political and industrial leaders.  Examining USA electricity generation, we find that in the early 1970s natural gas was poised to take off and become the lead fuel. 

(Figure 10: USA: Fuel Shares of Net Electricity Generation)

 The great accomplishment of several members of the Nixon and Carter administrations, in cahoots with leaders of firms in the coal industry and their friends in the Congress, was to stymie the progress of gas.  Some well-intended actions, such as imposing New Source Review, perversely superannuated inefficient carbon-intensive coal plants.   For energy, Senator Byrd is America's Brezhnev.

We know during the last decade that almost all orders for new power plants were gas, and that gas will become dominant in the next 10-20 years.  In the end, the system wins.  Don't forget the System; it won't forget you.  But the USA wasted 25 years, and incurred lots of unnecessary problems, environmental and other, by putting coal on life support. 

At this time, I want to make another point about predictability of technological evolution.  Industries such as the chemical and airframe industries use learning curves giving the cost evolution of a manufacturing operation as a function of time, or better, of the total integral amount of the goods manufactured in that industry sector.

Another famous example of learning is the computer chip industry.  Consider the learning curves for dynamic random access memory chips (DRAMs). 

(Figure 11: Learning Curves for cumulative DRAM Unit Shipments)

 Since the late 1980s, we find one generation after another of chip introduced at lower initial cost and the price for each chip falling over its lifetime measured in cumulative production.  The rate of price reduction per doubling of cumulative sale averages about 28%.

Contrast the chipsters with the record of the coal industry since 1920.  

(Figure 12: USA: Learning Curves for coal consumed at electric utilities)

Between 1920-1970 the coal industry did manage to extract more energy from each kg of coal it burned, averaging a learning rate (LR) of 8-15%.  Not bad.  However, since 1970, the performance of the coal industry by this measure has worsened, a negative 4.2.  Some blame the worsening on costs associated with emission control for sulfur and other pollutants.  Yet, most industries have met environmental goals AND lowered costs as they gain experience.  Only protected industries can survive such stagnant performance.  So, energy policy can matter, for a while.

So far, I have suggested good news, about the overall evolution of the energy system towards cleaner fuels that fit and fuel society's growth.  But I have also suggested that the system has its own internal clock, its own rates of change and evolution.   Trying to go much faster than this clock can be as wasteful as trying to stop it.  Entrepreneurs know it is dangerous to be early as well as late.  In this regard, let me mention the Kyoto protocol.

Whatever one believes about global climate change, Kyoto shows the incompetence and incomprehension of the diplomats who negotiated it, not only for the USA.  They could not add and subtract.  They did not understand rates of technical change.  No levers in Washington or most other world capitals were or are powerful enough to achieve the Kyoto goals.  Kyoto would have required immediate doublings or triplings of rates of change.  By the way, had the coal interests not seized power in the 1970s, the USA would have naturally surpassed Kyoto, as the UK will because Margaret Thatcher, sensing fate, blessed the shut-down of British coal and substituted North Sea gas.

Recurring to our theme of the misguided strategist, I was amused to observe that the USA delegation to Kyoto included "leadership" accountable for the attacks on gas and favoring of synfuels in the late 1970s.   Perhaps Kyoto was an attempt for redemption.  Failing to understand the evolution of the energy system, politicians and diplomats can waste money and create anxiety with constructs like the Synthetic Fuels Corporation and Kyoto.

Though natural gas and nuclear will eventually win and decarbonize, I do not propose to unemploy all politicians. I will give some examples of potential big jobs for them.

Because we know what the long-run rates of change are, we know that hundreds of gigatons more of carbon will pass through the energy system.  Here societies face a choice: to capture and sequester carbon.  The business is huge, as Americans emit about 5 tons per year or 14 kg per day of carbon dioxide, about ten times the trash that a New Yorker leaves each day. The genius is to capture the carbon cheaply from methane, the neat feedstock, rather than from the messy elemental soup of coal.  I do not believe the decisions about sequestration are built into the genetics of the energy system.  The amounts societies want to spend on sequestration depend on how risk-averse societies are.  Politicians should assess the risk aversion and act on it.

A great disappointments to me about the late Cheney energy plan and then the landfill-like energy bill is that they did not separate natural gas from oil.  If only the pre-dot.com Ken Lay truly had influenced the energy plan, when he was aiming Enron to become "the first natural gas major."  As an environmentalist, every time I hear "oil & gas" talked about like Siamese twins, I despair.  Oil and gas are very different fuels.  I spend most of my time with Greens of various kinds, and I believe many Greens would accept drilling for natural gas, whether off-shore or in upstate New York, if natural gas is the exclusive target, if it isn’t a cover for drilling for more oil and all the problems that come with oil.  One way in which politicians could help, or could recognize reality and ratify and legitimize it, would be to form a national energy policy directly about natural gas and not the "oil & gas" or fossil policy, which is an increasingly uncomfortable hybrid.  Human societies are going to use 200 million tons more of oil.  Oil is still going to be a big product for another thirty or forty years, but oil is not a growth industry, whereas enormous need and room exist for growth in gas, as it fits with fuel cells and other new features of the system.  

Much could be done politically, I can verify coming from the New York area.  The situation with siting and building gas pipelines is terrible.  When governing New Jersey, Christie Whitman, recent head of EPA, actually opposed building gas pipelines to bring gas across New Jersey into New York City.  Problems bedevil getting gas through Connecticut and under Long Island Sound to Long Island.  The rights of way for pipelines are the sorts of problems that the political system has to deal with, and should deal with.  So are LNG terminals; LNG adds flexibility to the system.  Think if we had leadership in Congress or the Executive Branch or industry that stand up and say firmly and persistently: “Gas is the way to go for the next few decades.”  I believe a lot of the Greens who have been fighting fossil fuels as one bundle are fighting oil and coal.  Many would support gas development.  We might be surprised how different the energy discussion would become if a Gas First policy were decisively promoted.

The geologists and resource economists, who are well known to some of the people in this room, for example, Bill Fisher at the University of Texas, affirm that the quantity of gas itself in North America or even in the lower 48 is not a problem.  However, getting the rights of way, getting the pipelines in and so forth, expanding the whole system is a big challenge.  We have to do things in the right order, otherwise we can waste a lot of money and fail for reasons that don’t have to do with resource abundance.  A key in this regard is to harness people’s economic self-interest.  A place like upstate New York, a relatively poor region having lost a lot of industry, could be an important gas-producing region.  We must give the people of that region good chances to learn that gas exploration and development is to their advantage, gas is an industry that operates cleanly and safely.  The gas enlargement has to be done in a way that it is genuinely safe and that people feel comfortable with.

Off-shore, gas is coming in now from Newfoundland.  Nova Scotia is almost certain to  extract gas from the Scotian shelf.   The USA could extract off North Carolina, Florida, and other areas. Again this comes back to the importance of the separation of oil and gas policies, which the Canadians have understood better than we.  My reading of the community of which I am part is that there will be some objections, but if the USA has an authentic, credible Gas First policy, and not just an excuse to go out and look for oil, closed regions of the West and East and Gulf coasts could be opened up for gas exploration.


Gas dominance will happen in any case, and the timing is plus or minus  20% or so.  In needs to grow about 4%/yr on average over the next few decades to reach its destined stature.  Policies can foster the timely arrival of the technologies that fit with gas growth, for example, very large Zero Emission Power Plants.  Meanwhile, we should prepare the way for hydrogen and its infrastructure, such as the "Continental Supergrid" that would distribute hydrogen and electricity synergetically, with piped hydrogen cooling superconducting cables for long-distance distribution of huge currents.  Happily, hydrogen has begun its long climb, as USA shipments show.

(Figure 13: Rising trend in USA hydrogen shipments)

Energy systems take 100 years to evolve, so we might be talking about a couple of decades difference between fighting and riding the waves.  Basically the internal clock is set.

Let me now summarize.  Very stable trends, particularly that of decarbonization, appear finally to go unscathed through economic depressions, wars, and central planning.  The trends and associated rules put severe constraints on the playgrounds of the modelers, scenario makers, and strategists.  So, what can we do with the narrow channel left for “free” decisions? Understanding the trends and rules may lead humans to devise a more coherent, restricted, and useful set of possible courses than they have done in the past.  But the IPCC suggests the community of energy analysts is as bewildered as ever, and Kyoto suggests most politicians and diplomats are clueless about their power, or lack of it, over the evolution of the energy system.

Planning and R&D should essentially support the invariants in the system.  Fate can perhaps be influenced at the level of seeding, a fact well known to peasants for a few thousand years.  A new product appears to follow a fatal course after it has penetrated a few percent of the market. What one can hopefully do is try to preset the starting point and the slope on the basis of the effects one wants to reach.  Equally important, one can avoid the wild, painful excursions around the trend organized by Lenin and Stalin, or the USA coal interests.  In the case of the USA, the policy prescriptions are simply: favor natural gas, hydrogen, and nuclear.  

Let me conclude on a philosophical note.  We feel a freedom of decision inside ourselves, which economists and politicians assume as sacred dogma, in the face of the obvious determinism of many global outcomes.

The situation fits the famous analogy between the somewhat free and unobservable behavior of single molecules and the beautifully clean pressure-volume relationship in a gas on a macroscopic scale.  The determinism and feeling of liberty may not be contradictory.  The crux lies in the properties of systems with a large number of degrees of freedom.  These systems tend to evolve globally through some kind of variational control which may be reduced to the existence of invariants, making the behavior of certain macroscopic variables appear deterministic.


So, in 1931 in Philadelphia each teenage male might dream of any girl in the world, but the odds were he would marry the girl next door. 

Thanks to Cesare Marchetti, Perrin Meyer, and Nadejda Makarova Victor. 
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