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Jesse Ausubel 
 

April 18, 2002 
 
William O’Keefe: This Roundtable is timely.  I would like to say it has something to 
do with our foresight, but in honesty, it was luck.  Energy policy and long-term energy 
issues have once again been given a high priority because of world events.  Next week, 
the Senate is likely to pass energy legislation that will set a policy direction for the 
future.  We are fortunate to have one of the most informed people I know to discuss 
whether energy policy matters.  I might say as an aside that whether it does more good 
than harm is also an interesting question.  

 Jesse Ausubel is a recognized scholar on the environment, technology, and  en-
ergy.  In addition to his position at The Rockefeller University, he has served with the 
Carnegie Commission on Science, Technology and Government, the National Acad-
emies, and the Sloan Foundation.  He has a long a list of articles, books, and publica-
tions that go beyond being impressive.  I have known him for fifteen or more years and 
have always found his remarks and views insightful.  Unlike most people who talk about 
the future, he seems to know what he is talking about.  So with that, I present Jesse 
Ausubel. 

Jesse Ausubel:  I’d like to begin with a little fun.  The subject is mating behavior in 
Philadelphia.  Is there anyone here from Philadelphia?  Now mating behavior is cer-
tainly 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. 

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 propor-
tional to the distance between them to the power of 0.8.  So much for Philadelphia 
freedom. 

                                                 
∗ The views expressed by the authors are solely those of the authors and may not represent those of any 
institution with which they are affiliated.  
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The subject of my talk today is not love but energy, and the title is “Does Energy Policy 
Matter?”  My essential point, foretold by the mating behavior of Philadelphians, is that 
strong constraints are at work that greatly reduce the freedom of strategists.  Neverthe-
less, 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. 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 satu-
ration 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. 

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 over-
took long-playing records, and in turn CDs replaced tapes. The MP3 system of 
downloading is now overtaking CDs. 

Now to views of energy developed over the past 25 years with Cesare Marchetti, Nebo-
jsa 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 fu-
els, coal, oil, and natural gas, each have a typical ratio of hydrogen to carbon atoms.  
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 hydrocar-
bons 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 ar-
rival of some new and more desirable form of energy.  The first pulse centered around 
coal and the second on oil.  A new pulse is just beginning, centered on gas, now almost 
everyone's favorite fuel. 

The explanation for this pattern of growth is simple.  The overall evolution of the sys-
tem 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.  Fi-
nally, 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). 
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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.  

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.  We find a monotonic rise of H.  According to 
our analysis, by 2020 the reference point for the world's energy will be CH4, meth-
ane.  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 equiva-
lent.  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 three forecasts of H/C ratios used in the early reports of the Intergov-
ernmental Panel on Climate Change (IPCC).  We laughed and laughed.  The reference 
line picked by the IPCC in 1990 did not continue the downward secular trend of de-
carbonization.  Instead the IPCC charted an absolutely 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 you can now see 
from the past 140 years, is very dynamic and progressive, and eliminates carbon by 
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 sce-
narios will actually influence the evolution of the system, but the spewing of scenarios 
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by the working group of experts is amusing.  It is a confession that collectively they 
know nothing, that no science underlies their craft, and that politics strongly bias their 
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 most recent IPCC report. 

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.  
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 en-
ergy 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 cen-
tral 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.  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.  
We know during the last decade that 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. But 
the USA wasted 25 years, and incurred lots of unnecessary problems, environmental 
and other, by putting coal on life support systems.  

At this time, I want to make another point about predictability of technological evolu-
tion.  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 much 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).  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.  
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Contrast the chipsters with the record of the coal industry since 1920.  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 envi-
ronmental 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 offer one more 
analytic approach, and apply it to the Kyoto protocol. 

My colleague Paul Waggoner and I call the approach the ImPACT identity.   Impact 
equals people, P, times affluence or income, A, times consumer behavior C, times 
technology T.  In the case of CO2 emissions, carbon equals people times GDP/people 
times fuel/GDP times carbon/fuel . . . or carbon = carbon, an identity. 

Consider the world carbon emission performance for 1950-1990 and for 1991-1999 
divided into the 4 forces, p, a, c, t.  In the first period, carbon emissions increased 
rather fast as population and income grew, though declining consumer's preference for 
carbon and improving technology offset them somewhat.  In the 1990s, emissions 
grew slowly because globally population growth slowed, income growth slowed a lot, 
and favorable consumer behavior and efficiency, that is, technology, both accelerated.   

Could analysis by ImPACT have provided some foresight about the targets for 2010 
adopted with high aspirations in 1997 in Kyoto?  Comparison of the aspirations with 
recent American and French experience tests the prospects for what the diplomats 
signed in Kyoto.  The Kyoto negotiators could have had the performances of p, a, c, 
and t from 1980-1990 in mind. 

During this decade in the USA and France population grew slowly but income rapidly.  
Also both nations lowered their intensity of use c of energy, leaving per capita use 
nearly unchanged. Efficiency (t) of carbon emission per energy improved slightly in the 
USA and dramatically in France.  In the 1980s the national emissions in the USA in-
creased a slow 0.5 percent per year in the US and fell 2.8 in France. 

To meet its Kyoto target of 93 percent of 1990 emissions between 1997-2010. the 
USA would have needed an annual 1.4 percent decline of national emission. For 
France a 0.8 rate of decline would be required to attain 92 percent of 1990 emissions 
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for the same period.  To allocate this decline among the four forces, we estimated rea-
sonable rates for p and a. Comparing experience to t tests practicability.  To meet the 
1997 Kyoto Protocol, the USA would nearly have had to match the French improve-
ment of t emission per energy during the 1980s, and France would have had to con-
tinue its remarkable improvement, won largely by producers installing more than 40 
GW of nuclear generating capacity.   

Now consider the actual changes 1990-2000.  Moderate population growth continued, 
and income grew, especially in the USA.  Although the intensity of use (c) declined in 
the USA, c did not decline in France.  Efficiency measured as emission per energy im-
proved in both nations, but more slowly than the French performance of the 1980s 
and more slowly in either nation than needed to hit their Kyoto targets. 

By the end of 2001 negotiating sessions in Bonn and Marrakech relaxed the original 
Kyoto targets.  Suppose the relaxed emissions target is 98 percent of the 1990 emis-
sions in 2010.  But, of course the interval to achieve the reduction had shrunk from 
1997-2010 to 2001-2010.  Despite the relaxation, with reasonable values of popula-
tion and income changes, even more rapid improvements in technology (t) during 
2001-2010 are needed.  The USA would need to lower its yearly declines of 1.8 in the 
1990s to 4.3 and France to move the 0.9 decline of the 1990s to 3.2. 

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 other world capitals are powerful enough to achieve the Kyoto 
goals. 

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 redemp-
tion.  Failing to understand the evolution of the energy system, politicians 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 one example of a potential big job for them.  Be-
cause we know what the 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.  I do not believe the decisions about sequestration are built into 
the genetics of the energy system.  The amounts societies want to spend on sequestra-
tion depend on how risk-averse societies are.  Politicians should assess the risk aversion 
and act on it. 
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Let me now summarize.  Very stable trends, particularly that of primary energy substi-
tution, 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 bewil-
dered 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.  More importantly, 
one can avoid the wild, painful excursions around the trend organized by Lenin & Sta-
lin, or the USA coal interests.  In the case of the USA, the policy prescriptions are 
simply: favor gas, hydrogen, and nuclear.  

Let me conclude on a philosophical note.  We feel a freedom of decision inside our-
selves, 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 be-
havior 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 contra-
dictory.  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 con-
trol which may be reduced to the existence of invariants, making the behavior of cer-
tain macroscopic variables appear deterministic. 

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

Thanks to Cesare Marchetti, Dionel Lopez, Chauncey Starr, Nadejda Makarova Victor, 
Paul Waggoner. 

Questions  & Answers 

(O’Keefe: In fairness to Stu Eisenstat, what he did at Kyoto, I believe, was to undo 
some of the damage by Al Gore by introducing unconstrained trading and sequestration 
to lower the cost from the unrealistic target that we accepted.  But, he was around for 
the Synfuels Corporation.) 
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Question: Since we are on climate change, Jesse is, as always, polite and allows me 
to embarrass myself instead of doing it for me.  He will remember that I had something 
to do with that 1990 report of the IPCC.  I will not try to defend the indefensible, but I 
will just say that if you had watched that sausage being made and the utterly chaotic 
and highly political atmosphere in which these things were done, it comes as no sur-
prise that that is not serious science by any stretch of the imagination.  So the results 
speak for themselves.  I am always interested when people talk about the hydrogen 
economy, because as you well know, hydrogen doesn’t come out of the ground or out 
of the air.  Presumably one expends energy in producing it.  Can you explain your as-
sumptions? 

Ausubel: Yes.  First, there is an existing hydrogen industry.  There are plants produc-
ing hydrogen around the world for aerospace and other applications.  Hydrogen is the 
obvious and necessary fuel for fuel cells, which again seem destined to take over from 
the internal combustion engine for powering vehicles and much transport.  The ques-
tion is, where will the hydrogen come from?  There are two candidates, which I think 
compete in some ways but fit together very well in others.  One way is by steam re-
forming of natural gas and the other is by electrolysis or thermochemical processes us-
ing nuclear energy.  Natural gas is abundant and the processes are well understood, 
and I think in the near term, steam reforming of natural gas will be the preferred way 
to produce hydrogen for fuel cells.  Over the longer term, the production of hydrogen 
is what will improve the economics of nuclear power, much more than standardizing 
plants or building plants more quickly; it gives nuclear power plants something to do 24 
hours a day.  

One of the great problems that the electric power industry faces is that, notwithstand-
ing the talk of the “24/7 society,” electric power demands remain quite asymmetrical 
and most electricity is used during the day.  So you have this immense capital that sits 
on its hands between about 9 o’clock at night and 6 or 7 o’clock in the morning.  Any-
thing that can turn that capital into an asset is going to be incredibly valuable.  Just as 
in the hotel and airline industries, you’d rather operate at 90% capacity than 60% ca-
pacity.   

I believe the production of hydrogen will bring the nuclear industry into a new scale of 
operation.  In the near term, steam reforming of natural gas will be the dominant 
source of hydrogen.  Of course, nuclear power plants as well as gas itself can provide 
the energy for the steam reforming.  An enormous amount of natural gas comes 
through a few large pipelines from Russia through Slovakia and a few other places.  
These are attractive places to build large chemical complexes where, if you put in a few 
nuclear power plants and siphoned off some of the methane, you could then manufac-
ture large amounts of hydrogen that could be distributed around the world.  Over the 
next 10-15 years, I will keep my eye on the few places where much gas transits and 
see whether these regions implement the next generation energy system. 
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Question: I would certainly agree with you. As a physicist, I have been appalled at 
these IPCC reports over the past fifteen years and the predictions of global warming 
based on carbon dioxide and so on.  But one important factor is the intense ideological 
opposition to nuclear power.   When you go to a doctor, you hear about “magnetic 
resonance imaging,” but as everyone in physics knows, it is really nuclear magnetic 
resonance.  General Electric had to take out the word “nuclear” because of ideology.  
One of the concepts they use is that you have to keep nuclear waste for 50,000 years.  
I think that belief has to be destroyed.  The most intense radiation goes away in a few 
hundred years and in fact, we may find this radiation quite valuable for sterilizing food 
or doing other things.  The other thing is that methods will be developed to dispose of 
nuclear waste.  But how do you overcome this ideological opposition to fission nuclear 
power and what will eventually occur, controlled thermonuclear power? 

Ausubel: You have to look at what people do rather than at what they say.  In the 
year 2001, nuclear plants had a record year in the United States: they made 23% of all 
electric power, the highest fraction it has ever been, and the largest amount in absolute 
terms.  The Seabrook plant just sold a couple of days ago for $837 million.  The nu-
clear power industry, in fact, is flourishing; the plants are printing money because they 
are almost all depreciated and there is plenty of demand for electricity.  So the industry 
is actually doing well, notwithstanding what you might think if you read the newspa-
pers. 

Question: But you can’t build another one. 

Ausubel: Plants are being built around the world.  Vietnam, which has 80 million 
people, just announced they’re going nuclear. 

Question: Not in the United States. 

Ausubel: The US will build more nukes, too.  No new coal-fired power plants are be-
ing built either.  Big additions to capacity are just returning to fashion, with the short-
ages in California and other concerns about reliability.  Importantly, it will be under the 
wing of natural gas that nuclear grows again.  The big fact of the energy system over 
the next twenty years is the massive expansion of the gas system.  In part, people will 
be more comfortable with the return of growth of nuclear power as long as they feel 
and recognize that gas, a very attractive fuel in many ways, is taking the lead.  Even in 
Europe, look at what people do and not what they say.  The Italians say they haven’t 
built nuclear power plants but five of the French nuclear power plants essentially export 
electricity to Italy.  So it is not that the Italians don’t use nuclear power; they do.  But 
they were clever to get the French government to build the plants.  Keep your eye on 
what people do and pay much less attention to what they say. 

Question:  I am waiting for the first nuclear power plant to be built in twenty-five 
years. 
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Ausubel:  It will come. 

Question: I want to go back to hydrogen for a minute.  On one of your early slides, 
you had coal taking over, then oil, then gas, and you had a conceptual space for hy-
drogen.  I submit that it helps to talk about hydrogen not as a fuel at all but as a carrier, 
like electricity.  That’s what it really is. 

Ausubel: Yes, that’s correct.  Hydrogen is an energy carrier and in that sense, the 
new primary energy source is nuclear, or it could be solar, it could be fusion.  Energy 
systems evolve in terms of product substitution both at the level of primary energy 
(generation) and at the level of the end user.  Ultimately it is the behavior of the end 
user that drives the system.  It is very important to recognize that.  Again, that’s the 
problem with coal or hay or whatever; if you tried to run Washington with hay, the 
problems of storage and transport just become immense.  Finally, if the product com-
ing out of the burner tip in your kitchen is natural gas, it is much easier to begin with 
natural gas than it is to begin with coal and gasify it.  Finally, over time the system 
drives in this direction.  Finally, the end user wants electricity and hydrogen, not hay 
and charcoal and candles. 

Question: I have a question about the fuel cells, because a lot of the discussion on the 
Hill this last year has been about the Bush energy plan and our increasing dependence 
on foreign oil, or just the use of oil and CAFE standards coming into the mix.  But I 
think that the concern about the increase in the consumption of oil can be countered if 
you talk about fuel cells and the combustion engine being replaced by fuel cells.  What 
time frame do you see for the development of fuel cells and automobiles that use fuel 
cells instead of oil?  The debate on the Alaska National Wildlife Refuge is up today and 
that has to do with reducing oil consumption. 

Ausubel: The newspapers regularly run articles about the growth of the fuel cell indus-
try.  Today an article says that Governor Engler of Michigan wants to build a new en-
ergy R&D park near Ann Arbor to promote fuel cells, fearing that Michigan will other-
wise lose its edge in the automotive industry.  If you speak with Shell, Exxon/Mobil, 
General Motors, Ford, Daimler-Chrysler and their R&D labs, everybody just takes it as 
a fact that within eight, ten, fifteen years, the fuel cell will be the motor system of 
choice.  Some companies and countries are going to make an immense amount of 
money from the patents and manufacturing of fuel cells.  A Canadian company, Ballard 
in Vancouver, is generally regarded as the world leader, but it is early in the game.  
Stimulating competition in fuel cell design and manufacturing is obviously a good idea.   

On the energy side, one of the great disappointments to me about the energy plan is 
that it doesn’t separate natural gas from oil.  As an environmentalist, every time I hear 
"oil & gas" talked about like they’re Siamese twins, my heart just falls.  They are very 
different fuels.  I spend most of my time with Greens of various kinds and I think there 
are lots of Greens who would accept drilling for natural gas, whether off-shore or in up-
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state 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 the politicians 
could help, or could recognize reality and ratify and legitimize it, would be to have a 
natural gas policy that is really about natural gas and not the "oil & gas" policy, which is 
an increasingly uncomfortable hybrid.  We are going to use 200 million tons more of 
oil, and it is still going to be a big product for another thirty or forty years.  But oil is 
not a growth industry, whereas there’s enormous need for growth in gas, and room for 
growth, and it fits with fuel cells and other things.   

There’s lots to be done politically, I can say coming from the New York area.  The 
situation with siting and building pipelines is terrible.  Christie Whitman, now the head 
of EPA, actually opposed some of the gas pipelines that were supposed to bring gas 
across New Jersey into New York City.  There are problems getting gas through Con-
necticut and under Long Island Sound to Long Island.  The rights of way for pipelines 
are the sorts of things that the political system has to deal with, and should deal with.  
Think if we had leadership in Congress or in the Executive Branch or in industry that 
would get up and say: “Gas is the way to go for the next few decades.”  I believe a lot 
of the Greens who have been fighting fuels as one bundle are fighting oil.  Many would 
support gas development.  We might be surprised how different the energy discussion 
would become if a Gas First policy were promoted. 

Question: It is largely unknown to the rest of the world, but the aeronautics industry 
spent quite a bit of money investigating whether hydrogen could be used as a fuel in an 
airplane.  In the process, we got very close to some of the problems that hydrogen is 
going to face, which are really no different that what natural gas faces: safety in the 
home, for instance.  Can you have a hydrogen-powered house? Most people don’t 
know that there are twelve hydrogen houses operating in the West somewhere that 
were built fifteen or twenty years ago.  It can be done; it is not hazardous.  The only 
real problem is that pictures of the Hindenburg burning up appear regularly on TV.  
People don’t realize that there were ninety-five people on the Hindenburg when it 
crashed.  It took a long time to find a crash report on this.  There were 200 to 250 
people on the ground underneath it trying to get it down, and nobody ever mentions 
how many people lost their lives: thirty-five.  The reason that thirty-four of those peo-
ple died is that they jumped out before the durned thing got on the ground; only one 
person was burned by hydrogen.  He was in between the sacs, near the tail end where 
the fire started, and nobody knows, or will ever know, I guess, whether he was trying to 
sneak a smoke or whether he was deliberately doing something.  But that’s where the 
fire started and he was the only person burned by hydrogen.  There were actually five 
bodies that were burned, but they were burned by fuel oil.   

Now when it comes to fuel cells, Ballard, whom you mentioned, had done a beautiful 
job.  They now have, I think, eight or twelve buses operating on fuel cells in Chicago.  
A device converts natural gas to hydrogen on the fuel cell itself, so the fuel cell operates 
on hydrogen but the energy that goes into the bus is natural gas and that conversion 
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turns out to be pretty easy, and it is part of the efficiency to actually do that conversion 
right at the fuel cell.  And it is working fine.   

We did a safety study for the government, to see what would happen if a hydrogen-
powered airplane crashed.  It turns out it was the safest fuel you could handle.  The 
question was, if everybody was in the airplane and the landing gear had folded and the 
fire had started, should the passengers evacuate the plane.  We found it was best to 
stay in the airplane.  Hydrogen burns extremely fast and it has no heat emission from 
its flame, so that the chances are pretty fair that you’re safer in the airplane than you 
are trying to get out.  The fire will be gone probably in a minute and a half. 

Ausubel: There are transport and storage issues associated with hydrogen and plenty 
more R&D to do.  Your company and others have shown the way.  Trade-offs need to 
be understood between on-board reforming and external refineries. Any system that 
might expand by a factor of ten or a hundred at the level of the end user is going to 
face new issues, including safety, as it scales up.  I don’t  belittle the engineering chal-
lenges that will arise as the hydrogen system grows, but your basic point is absolutely 
right.  The basic features of hydrogen are attractive and there are no show-stoppers. 

Question: In the automotive industry, there are people who have been working on 
this for a long time and haven’t been able to solve the problem of how to store the 
fuel.  The automobile that is most successful, other than the one that converts natural 
gas, actually runs on compressed natural gas.  It still takes about three times the volume 
of a normal gasoline tank in the car and you are carrying it around at 5,000 psi or 
something like that, which is a lot of pressure to be carrying around in an automobile. 

Ausubel: This may be a reason, as several people have suggested, to begin with buses 
and trucks first, which are more predictable in their routes and in which weight may be 
less of an issue.  Part of what I was trying to show is that these are processes that op-
erate over decades and centuries and yet they are, in some way, inexorable.  The wise 
entrepreneurs and businessmen as well as the wise regulators understand the rates at 
which the change can happen. 

Question: Where did you find a wise regulator?  (Laughter) 

Question: I have a question about the latest IPCC report, but first I would like to dis-
pute your claim that many environmental groups will come on board if we can some-
how talk about gas and not oil and gas.  The NRDC’s energy plan makes it very clear – 
and they claim to be one of the more moderate groups because they have worked with 
some companies and claim to be for markets – that they see natural gas, not as a short 
term substitute in the transition from oil and coal to non-fossil fuels, but as sort of a 
stalking horse.  They say it right in their plan: “We are going to pretend that natural 
gas is the fuel of the future until we get rid of oil and coal, and then we will go after 
natural gas.”  So I do not believe that.  But my question is: have you looked at the 
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forty-some scenarios of the IPCC report?  On your impact model, the one that got the 
very high temperature increase, the 5.8 degrees, depends upon rapid world population 
growth, a rapid attainment of US living standards all around the world and continued 
very high energy use.  It would seem to be that that scenario is much more unbelievable 
than the 1990 business-as-usual scenario. 

Ausubel:  Most of the forty scenarios are unbelievable.  The fact that the authors as a 
group were unwilling to attach probabilities to them is important.  After all, weather 
forecasters are willing to say there’s a 40% chance of rain nowadays.  The fact that the 
group could do no more than say that every one of these scenarios is equally valid was 
pathetic.  And there are internal contradictions in many of the scenarios.  Richer is 
cleaner, and the idea that you could have a scenario in which a society was very 
wealthy would not choose sanitation, industrial sanitation, whatever you want to call it, 
is preposterous.  When you get that rich, you can afford a hydrogen-powered home.  A 
lot of the scenarios are Brezhnev-ite.  We might think of some other name than 
Brezhnev-ite, but they are strange, incompatible combinations of things. 

Question: It’s important to know where those supplementary scenarios came from.  It 
was the Clinton Administration that insisted on the high-end scenario, so you might call 
it the Clinton model. 

Ausubel: There were people who knew what they were doing.  They knew that by in-
cluding high emission scenarios, a year later, when the whole thing had been worked 
through the climate models, there would be a headline in the newspapers saying that 
there will be a calamity. 

Question: I want to go back to natural gas again, because anyone who has watched 
the utility industry, as you obviously have the last few years, had seen that, with the 
rare exception of a coal plant or two, everything is now centered on natural gas.  I 
grew up on the Great Plains, and this reminds me of when the price of hogs went up in 
Nebraska one year; all the farmers started raising hogs and suddenly next year they had 
a problem.  I wonder whether the supply of natural gas really is going to be able to 
support the scenario that you describe and I am just curious what assumptions are be-
hind your apparent optimism.  There is clearly a lot of gas out there, but unless you do 
something with the clathrate deposits and so forth, it’s not so clear that you could sup-
port it.  What are your assumptions? 

Ausubel: It depends on your time scale.  It’s a system, of course.  The geologists and 
resource economists, who are well known to some of the people in this room, for ex-
ample, Bill Fisher at the University of Texas, say that the quantity of gas itself in North 
America or even in the lower 48 is not the problem.  However, getting the rights of 
way, getting the pipelines in and so forth, expanding the whole system is a big chal-
lenge.  You have to do things in the right order, otherwise you can lose a lot of money 
and go bankrupt and fail for reasons that don’t have to do with resource abundance.  
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The key in this regard is to harness people’s economic self-interest.  A place like up-
state New York, which is a relatively poor part of the United States, having lost a lot of 
industry, could be an important gas-producing region.  Somehow we have to convince 
the people of that region that it’s to their advantage and it’s an industry that could op-
erate very cleanly and very safely.  It has to be done in a way that it is genuinely safe 
and that people can be comfortable with it. 

Question:  My question really is, your confidence in the supply.   

Ausubel:  It is second-hand but listening to the people who should know, I believe 
there’s plenty of natural gas.  And if you include Canada and the Gulf of Mexico and 
Mexico, there are enormous amounts.  If you go off-shore, gas is coming in now from 
Newfoundland.  Again this comes back to the importance of separating oil and gas 
policies, which I think the Canadians have understood better than we have.  Nova Sco-
tia is almost certainly about to start extracting gas from the Scotian shelf.  We could do 
the same off North Carolina and other areas.  My reading of the community of which I 
am part is that there will be some objections, as this gentleman says, but I think if one 
has a real, authentic, believable gas-first policy, and not just an excuse to go out and 
look for oil,  there are regions of the West and East Coast which could be opened up 
for gas exploration. 

Question: Thomas Gold believes that you go deep enough, there are tremendous 
amounts, that gas doesn’t come only from the vegetation being compressed in the 
usual geological rate. 

Ausubel:  In the long run, Gold’s theories are important.  For the next twenty or thirty 
years, they don’t matter.  Certainly his explanations are fascinating, but you should 
have him come and talk about it.  I love listening to him. He is one of the most interest-
ing speakers in the world. 

Question: In addition to all the problems that you have discussed with predicting what 
the temperature will be in the future, it is absolutely absurd to claim that in any model, 
the temperature will go up by 5.8 degrees, or any other number you care to name.  
The computer programs that predict that are trying to simulate an extremely non-
linear, extremely complex system with all sorts of simplifications.  If you were doing a 
computer modeling of any other non-linear system in physics, other than this one, with 
such simplifications and with such poor match to existing data, you would be laughed 
off the stage.  Yet people say they believe these models!  They are totally unbelievable.  

Ausubel: I am only proximate to the climate-modeling world, so let me give you an 
indirect comment.  I am sure you have had other speakers here who speak directly to 
the models.  I like to use a triad for thinking about problems of this kind.  There is the 
known, there is the unknown, and there is the unknowable.  I think in the case of cli-
mate predictions and climate modeling, the scientific community, in its use of terms like 
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“uncertainty” and “predictability,” has gotten very mixed up about what is unknown but 
knowable versus what is fundamentally unknowable.  I tend to agree with you, that 
knowing the future climate in detail, knowing what will actually be the climate of Wash-
ington, D.C. in 2050 is unknowable.  No amount of computational power (and as you 
say, the more equations you add, the more “fudge factors” you have) can predict this.  
There is a lot of confusion and misleading statements in this regard and a lot of what 
people are claiming to know is actually fundamentally unknowable.  At the same time, 
people are entitled to offer their best guess and that’s what they do.  What I would do is 
try to make people put money where their mouth is.  The IPCC doesn’t even put 
probabilities on its results.  

I would like to set up a system of rewards and penalties or incentives or whatever, such 
that it costs more money to publish things that you think are more unlikely or to which 
you will not attach probabilities.  If people say “It’s my best guess, but there’s only a 
one in ten chance that it’s right,” somehow the reader, the consumer of the informa-
tion would learn that.  A lot of what consumers of information think is "known" is not 
really "known", and researchers hide a lot of what is unknown and unknowable.   

Question: The people who produce these computer models say that they are right be-
cause they agree with each other.  The fact that they disagree with experience gets 
overlooked. 

Ausubel: There’s a big dispute about the quality and performance of the climate mod-
els.  I am trying to approach the debate in a rather different way.  The important thing 
to me is whether answers to key questions that we are asking of the atmospheric sci-
ences and geosciences community are unknowable.  If that is the case, we should say, 
okay, the question is, how risk-averse to consequences is society today?  That’s really 
the question. 

(Bill O’Keefe: I would like to add that Bob Sproull co-chaired a work group last year 
that produced a report on climate science and policy.  It makes a number of these 
points about the models and the projections for 2100.) 

Question:  I just wanted to mention that one of the things you were talking about was 
the effect of new technology as we go up or down those curves.  What we are trying to 
do with ocean farming to utilize the ocean to sequester very large amounts of carbon 
dioxide, down beneath the thermocline where the best numbers we have, it lasts for 
about 16,000 years before coming up.  Since there is so much ocean, it appears pos-
sible with this technology to sequester all the net increase of carbon dioxide from burn-
ing fossil fuels that we do today.  Not that you’d ever want to do it, but it is a possibility 
that would be wonderful to have, to address peoples’ concerns about this problem. 

Ausubel: As Mike Markels knows, I admire his efforts.  A lot of carbon fuel is going to 
be used in any scenario.  The question is how clumsy we are in using it.  I think this is a 
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real social choice, and it’s exactly the kind of thing that the societies should authenti-
cally debate, and some may decide that ocean sequestration is a wise way to go. 

Question: I wonder if you could explain how literally you really mean this inexorable 
substitution of hydrogen for gas, and what about the timing?  On your chart, it looks 
extremely symmetrical.  Suppose gas hydrates become technologically a great oppor-
tunity compared to storage of hydrogen.  Could you foresee the gas era lasting another 
hundred years? 

Ausubel: I would say gas dominance will happen, and the timing is plus or minus 10 
or 20%.  Energy systems can take 100 years to evolve, so we might be talking about a 
decade or two.  Basically the internal clock is set.  That said, in different parts of the 
world, the rate of change may be different.  In North America and some countries, the 
system may be in place earlier. America had a high level of automobile ownership fifty 
years before Europe.  The level of car ownership in Europe in 1960 was about what 
the US had by about 1920.  So there is a lot of spatial heterogeneity.  Even with a 
global system like energy, you could have a situation where an older system persists in 
one region of the world or one network much longer than another.  So looking at the 
global average may not always tell you what you want to know, especially as a busi-
nessman or politician. 

Question: Hydrate storage is the way to handle hydrogen in many cases; it is a known 
technology and we know how to do it.  But you go through the gaseous stage first and 
a natural gas pipeline will handle gaseous hydrogen. 

Question: There is one other area of the energy question, and that is the subsidies for 
biofuels and the use of ethanols and that sort of thing.  I assume you do not see that 
coming into the equation. 

Ausubel: My research group has studied land use and forests and farms, and we’re 
habitat freaks.  Our view is that over the next 50 years, in the US and globally, hun-
dreds of millions of hectares that are now being actively logged and actively farmed 
should revert to nature.  The growth in farm productivity (yields) and the ability to grow 
trees faster with every year and every decade means that the acreage of land that you 
need to provide farm products and wood products is actually shrinking, after having 
expanded for thousands of years.  It has been shrinking since about the middle of the 
20th century.  Our view is that the technological progress in farming and forestry offers 
an enormous chance to liberate the environment and address a lot of the biodiversity 
questions by a return of wilderness.  To me, it seems tragic to go the biomass route.  It 
is so clumsy and so wasteful of land.  I am on the side of the birds and the trees. 

William O’Keefe: Thank you very much, Jesse.   

*   *   * 
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