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Foreword

Energy is wital to a medem econcmy. We need enengy to heat and light
our homes, to help us travel and to poveer our businesses. Cur econommy
has also benefited hugely from cur country's resources of fossil fuels -
codl, ol and gas.

Howevear, our energy system faces new challenges. Energy can no
longer be thought of as a short-term domestic issue. Climate change -
largely caused by buming fossil fuels - threatens major consequencas
in tha UK and waorldwida, mast serously for the poorest courntrias who
are least able to cope. Our energy supplies will increasingly depend
animported gas and oil from Europe and beyond. At the same time,
we nead competitive markets to keep down costs and keep energy
affordable for our businesses, industries, and households.

This white paper addresses those challenges. It gives a new direction
for energy policy. We need urgent global action to tackle climate change.
We are showing leadership by putting the UK on a path to a 80%
reduction in its carbon dicxkide emissions by 2080, And, because this
country cannot solve this problem alone, we wall work intemationally to
secura the major cuts in emissions that will be needed worl dwide.

Qur analysis suggests that, by working with others, the costs of action
will be acceptable - and the costs of inaction are potentially much
greater. And as we move to a newy, lows carbon economy, there are major
apportunities for our businesses to become world leaders in the
technologies we will need for the future - such as fuel cells, offshore
wind and tidal power. Science and technology are vital, and we will ba
supporting further research and development in these areas.

In parallel, we need access o a wide range of energy sources and
technologies and a robust infrastructure to bring the energy to where we
want to use it. We will maintain competitive markets in the UK and press
for further liberalisation in Eurcpe. &nd we renevw our commitment that
no househeld in Eritain should be living in fual poverty by 2016-18.

This white paper is a milestone in energy policy. It is based on the four pillars
of the ervironment, energy reliability, affordable energy for the poorest,
and competitive markeats for our businesses, industrias and households.

This white paper sets out a strategy for the long term, to give industry
the confidence o invest to help us deliver our goals - a truly sustainable
anergy policy.
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Aims:

Ob

Aims and Objectives

To introduce students to the application of core physics concepts to issues
related to energy and the environment, with special focus on: energy productio
use and conversion; factors influencing the Earth's temperature; environmental
monitoring techniques. The course should develop students' Er'oblem solving
abilities, provide practice in the applications of physics and help to develop a
critical awareness of the wider context of aspects of science and technology.

Jectives:
To understand the physical basis of the main sources of energy for human use.

To be familiar with the factors influencing energy consumption and its true
costs in the past and the issues determining future trends. |

To understand how spectroscopy and detection technology may be used for
monitoring environmental processes and pollutants.

To be able to discuss the main factors influencing Earth's temperature
To understand the origin and action of the "greenhouse effect”

To understand the influences of CO2 and water vapour feedback on radiative
forcing and Earth temperature

To understand the origin of winds and ocean currents

To understand how solar energy can be converted into thermal, kinetic,
electrical or chemical energy.andstlages its(e ile]iKe} Me WAl TN LR Lo ([

*7"The efficiency of solar thermal and solar photovoltaic energy
converters using heat engine models

To understand the production of electricity from wind, wave, tidal and
hydroelectric resources.



Why this course for physicists?

Physicists are meant to have a better than average chance of being
able to identify problems, apply rigorous analysis to quantifying, and

identifying interdependencies within that problem, establishing a
set of solutions and the consequences of those solutions.

All three components of that ‘perfect storm’' of Froblems have the
potential fo massively disrupt our society. All three have their
roots in science and technology. All three have the roots of
solutions in science and technology - and how these can be applied.

Our goal is to understand what is known, and what is not known about
the environment now, and projecting into the future.

- To anticipate risks and opportunities by examining the underlying
physical principles

- To see how physics reality, and its inherent uncertainties, guide,
limit and constrain political and social response .

= To apply our alleged relative sophistication in unbiased analysis to
what might be the most serious threats to society presently around




- "perfect storm’ of problems
have the potential fo massively
disrupt our society’

This would normally result in
society trying to find ways to
mitigate. However, ‘risk

perception’ is not the same as
'risk’ and it is a physicist's job
- with other disciplines - to try
to make the two converge to
allow rational and cost
effective measures to be
formulated and executed.

US Military Spending: 1946-2002

Down From Peak Levels-But Still at Cold War Levels

‘58 '68 78 ‘88
B Bilions of FY '98 Dollars

Clinton approved an increase for the Pentagon of $112 billion over 6 years . . .

and $6.6 billion for Star Wars deployment over 6 years to the Pentagon budget

and 1-year Pentagon budget boost is $12.6 billion in fiscal year 2000 alone . . .

and that the combined annual military budgets of the Pentagon's rogue states --
North Korea, Iraq and Iran -- totals less than $9 billion




Risk Perception

Personal risks: Ralph Hertwig, PhD, of the University of Basel "People can arrive
at relatively accurate estimates as long as they rely on their personal
experiences of the frequencies of such events ....However, when they start
sampling from the virtual world as created by the mass media, they are more
likely to arrive at distorted estimates of likelihood."

The findings suggest that people aren't horribly off the mark as long as they do
not rely on media reports and stick to what's happened Toapeople They know.
Journal of Experimental Psychology: Learning, Memory and Cognition (APA).

"Regressed-frequency mechanism" assumes that people base their health risks
on automatically encoded frequency information arising from a ?oulash of

various exposures -Because it's hard to reliably process all that information,
however, people’s estimates shift toward the average value in a category, a
statistical phenomenon called "regression toward the mean."

As a result, small frequencies (such as dying from vitamin overdose) are
overestimated and large frequencies (such as dying from rectal cancer) are
underestimated.

The implications for our response to potentially catastrophic evenis. is profound

v 7www.apa.org/releases/healthrisks.html see also Journal of Experimental
Csychology: Learning, Memory and Cognition published by the American
Psychological Association (APA).




How Physicists Can Contribute

nderstanding

mechanisms
-Devising mitigation
processes

‘Finding substitutes
-Guiding policy

Global Warming makers

‘Renewable energy
solutions

Nuclear solutions

Peak Qil Supply dependency
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A. Energy consumption, resources, trends

Introduction

World population and energy usage

Energy consumption details

Future trends in resources, population and energy usage
Environmental Spectroscopy, methods in the atmosphere and water;

Measuring Greenhouse Gas Emissions: Ground based ftechniques; Satellite observations.

1-7

B. What controls the Earth surface temperature?

The "greenhouse effect”: pristine form

The “greenhouse effect” modified: role of convection and surface evaporation
Surface temperature response to CO2 increase

Water vapour feedback

Role of atmospheric circulation: the tropics

Role of ocean circulation: the Gulf Stream and the sea-ice albedo feedback

C. Production of winds and currents

The atmospheric heat engine
The ocean is not a heat engine!

AC
8-14

D. Conversion of solar energy

The solar resource.

Absorption of sunlight in matter and Solar Conversion routes.
Solar Thermal energy conversion.

Semiconductor background.

Solar photovoltaic energy conversion.

Implementation of photovoltaic energy conversion.

Solar chemical energy conversion. Photosynthesis

Biomass.

JN
15-22

E. Wind, Wave, Tidal and Hydroelectric power.

G. Conclusions

JH
23-26
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Global Warming May Spawn More Super-Storms -

by Stephen Leahy

frica
BROOKLIN, Canada - Hurricane ban, the incredibly powerful storm that killed at least 120 people in the ‘icas
Caribbean and southem United States, may be a harhinger of the Earth's hotter future, say experts

scific
*As the warld warms, we expect more and more intense tropical huricanes and cyclones,” said James
WMcCarthy, 3 professor of biclogical aceanagraphy at Harvard Univarsity '‘op El
Large parts of the world's aceans are approaching 27 degrees C or warmer East
Tdou‘gnu%tshe sumrer, greatly increasing the odds of major storms, McCarthy Despite the recent Asia

st own

When water reaches such temperatures, more of it evaparates, priming dent

tomadoes, global

hurnicane or cyclone formation. Once born, a hurricane needs only warm water :
warming is off the
oga

to build and maintain its strength and intensity
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How big is the problem ?

International energy consumption in 1998:
population(m) KWh/ year/
capita
Norway 442 25304
Canada 30.30 16349
Sweden 8.85 15492
USA 269.09 13388
Japan 126.49 8008
France 58.85 7175
UK 59.24 5800
Saudi Arabia 20.74 5153
Russia 146.91 4873
S. Africa 41.40 4509
Brazil 165.87 1850
Mexico 95.68 1644
Turkey 64.75

Egypt

- http://earthtrends.wri.org/s
1238.60 earchable_db/index.cfm?t
979.67 heme=6&variable |D=351
28.35 &action=select_countries




population vs energy consumption
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The problem is not the developing world

A very large
proportion of historical

GHGs came from the
developed world

Some countries are
still growing fast, and per capita use is also increasing

But the solution must encompass the
developing world

GHGs= Green House Gases



Total Energy Use

* In 1996 the total ener?y used in the world was 8380
mtoe (million tons of oil equivalent) which is about 400
million terajoules.

* The growth of the amount of energy used has been
very rapid. It can been expressed as the product of
two factors, the growth in the population and the
growfh in the energz used per person. It can be seen

hat it is the growth in energy use per person which
has been and will be the driving force more than the
population increase.

htto://www.dti.aov.uk/enerav/inform/enerav stats/total enerav/index.shtml




‘onal Energy Outlook 2005 Report #: DOE/EIA-0484(2005) Released Date: July 2005
. International Energy Annual 2002, DOE/EIA-0219(2002)
». World Total Primary Energy Consumption by Region, Reference Case, 1990-2025 (Quadrillion Btu)
1990 2001 2002 2010 2015 2020
Mature Market Economies

North America 1.4 0] P ) 152.9
United States 1.3 4 .6 ) 125.1
Canada 1.6 1 17.8

Mexico 2.2 5.1 . . 8.0 . 10.0
Western Europe 0.5 59.9 : : 70.2 : 73.4
Mature Market Asia 0.7 22.7 . . 30.4 . 32.5
Japan 0.5 18.3 : : 22.9 : 24 1
Australia/New Zealand 1:4 4.5 . . 7.5 . 8.4

Total Mature Market 1.1 183.6 . . 234.7 . pLY 4

0.9 2 : 4.
? : : 0

Transitional Economies
Former Soviet Union 1.6
Russia 1.4

Other FSU 1.9

Eastern Europe

1.7
Total Transitional 1.6

Emerging Economies
Emerging Asia 3.5
China 41

India 3.3

South Korea 2.1

Other Asia 2.9

Middle East 2.5

Africa 2.7

Central and South America 2.3
Brazil .
@)(prsY@gentral/South America 2.3

Total Emerging 3.2
Total World 2.0
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Relative energy consumption 2000-2100
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Global Warming

» This section introduces the concepts of
global warming.

» It will be explored fully by Dr Czaja

later in the course.

* The Solar Solution to renewable energy
production will be detailed by Dr Nelson
in the third part of the cou -




In 1896, Svante Arrhenius, a Swedish chemist, was the first
to advance the theory that emissions of carbon dioxide (CO,)
would intensify the Earth's natural greenhouse effect and

thus warm the planet.

"One may now ask, How much must the carbonic acid vary according to our
figures, in order that the temperature should attain the same values as in
the Tertiary and Ice ages respectively?

"A simple calculation shows that the temperature of eIy
the Arctic regions would rise about 8 degrees or 9  HaSlEEERIS)

degrees Celsius, if the carbonic acid increased 2.5 to

3 times its present value. In order to get the

temperature of the ice age between the 40th and

50th parallels, the carbonic acid in the air should sink

to 0.62 to 0.55 of present value (lowering the Gronat
temperature 4 degrees to 5 degrees Celsius).”

iyl
,I'.| II""1urI Ill [y fl '|J|'I J
[ — A A UL A RS
fl s WAL W I"|| [/ LT
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http://earthobservatory.nasa.gov/Library/Giants/Arrhenius/arrhenius_2.html
http://www.longman.co.uk/tt_secsci/resources/scimon/arrhenius/arrh_main.htm




Since then, carbon dioxide and other so-called greenhouse
gases have been building up rapidly in our atmosphere,
primarily due to deforestation and the burning of coal, oil
and gasoline in power plants, automobiles and factories.

These polluting activities release more than 25 billion tons of
carbon dioxide into our atmosphere annually, and natural
processes are unable to absorb all of what we emit, hence
the 30 percent rise in atmospheric carbon dioxide since pre-

industrial times, and the 145 percent rise in the second most
important greenhouse gas, methane.

Dr Czaja will give us the facts.

http://www.bp.com/genericsection.do?categoryld=92&contentld=7005893
http://earthguide.ucsd.edu/globalchange/global warming/03.html
http://www.eia.doe.gov/




What we learnt last lecture

1) Convergence almost unique in human history of
three forces which get to the heart of our
society. According to the consensual view:

- Primary energy resource depletion has begun
- Remaining energy sources potentially unstable

- The consequences of using those resources is altering
the climate Fer'haps irrevocably, certainly to the .

detriment of the environment

2) Science has crucial role to play in establishing a
solution, if there is one.

First job is o understand the problem (Dr Czaja)
and then to brovide a solution (Dr Nelson)




Oil Has Peaked in Most Places

Non-OPEC, non-FSU Oil Production Has Peaked and is Declining
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“opulation Fressure

In the 2400 years between 1600 BC

: : The population growth rate was about
and 800 AD, the population tripled O.O4Eo per'_ year'gover' the first period but

from 0.06 billion to 0.2 billion, but was 0.7% in 1890, and between 1975 and
in the last hundred years the 1990 was 1.72% per year.

population has more than tripled
from 1.5 billion in 1890 to 5.3 billion  For 1990 - 1995. the annual growth rate
in 1990. In mid-1998 the total world has decreased substantially being 1.487%

population was estimated to be 5.93 - —
billion people. UN best estimate 11.5 billion 2100

and maximum of abo

Less
developed
countries

© 2000 'l
.1 billian
o

United Nations, World Population Prospects, The 1998 Revis
and estimates by the Population Reference Bureau.

Billion people




Non-OPEC, non-FSU 0Oil Production Has Peaked and is Declining
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- weﬂ a‘s fmancual to

+  The world's 877 giant oil and gas fields are those with 500 million
bbl of ultimately recoverable oil or gas equivalent. Remarkably,

almost all of these 877 giant fields, which by some estimates
(e N A R YA X IR T RTe s s =B Troleum reserves, cluster in
ons, or apout 30%, of the earth's land surface




- Sea level rises Heat waves

www.climatehotmap.org Glaciers melting . Arctic melting




HISTORICAL TEMPERATURE RAMKIMGE @3
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Most of the
hottest

years on
record have
occurred in
the last 15

year‘s' BY REGION

Ay MATION
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005 has been one of the hottest on record, with eight of the past 10 years at the top of the charts in terms of high temperatures.
NASA's Goddard Institute for Space Studies has concluded that 2005 is the warmest year in recorded history,
while the National Oceanic and Atmospheric Administration and the U.K. Meteorological Office call it the second-hottest after 1998.
All three groups agree that 2005 is the hottest year on record for the Northern Hemisphere, at roughly 1.3 degrees Fahrenheit above historical averag



Annual Mean Global Temperature Change
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GLOBAL SURFACE AIR TEMPERATURES
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Idealized hurricane simulations

Aggregale resulls: 9 GCMs, 3 basing, 4 paramelenzalions, G-member ensemblas
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It is certain that uncertainties remain - these are
reflected in the range or results in the many scenarios.

These are due to the complexity of the science, and the
uncertainties about other possible contributors.

Warm Surface
2 Lrr ent

iZald, Saline
Battarm Z urrent

wient. The huge

ern ely sensitively to global terperature changes accam pansing
eachincrease and decrease in the content of carbon dioxide inthe atmosphere, - Broecker

http://www.ldeo.columbia.edu/edu/dees/ees/climate/slides/ocean_index.html




®/il= example of unproven hypotheses

Global surface temperature has increased about
0.5C since 1975, and it is commonly assumed that
this warming will continue or accelerate.

Scientists at the Goddard Institute for Space
Studies argue that observed warming has been
driven mainly by non-CO, greenhouse gases. It would
be practical to halt the growth of these gases.

They suggest a scenario in which an international
focus on reducing air pollution, especially
tropospheric ozone and black carbon aerosols, which
would help unite the interests of developed and
developing countries and slow global warming.




sources annual increase contribn
Fossil fuels (770/0) 0.5% (353 ppmv) 55%
Deforestation (23%)

olvents 4% (764 pptv) 24%
refrigerants

gas leakage 0.9% (1.72 ppmv) 15%
Rice paddies
enteric fermentation

biomass burning  0.58% (310 ppbv)
fertilisers
fossil fuels

(IPCC W6G1)
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Another claimed effect:
Solar variability

It has been suggested that
there are natural cycles in
the sun which can explain
present day global warming.

It is clear there are short
term variations and a 11.3
year sunspot cycle.

There are also long
term cycles.

Understanding the
correlations is

difficult .

Unfortunately for the solar cycle theorists,
150 years x 2 degrees/50,000 years = 0.006 degrees.




Space weather may also in the long term affect the
Earth's climate. Solar ultra-violet, visible and heat
radiation are the primary factors for the Earth's
climate, including global average temperatures, and
these energy sources appear to be quite constant.

However, some scientists have claimed correlations
between the solar magnetic activity, which is

reflected in the sunspot frequency, and climate
parameters at the Earth. Sunspot activity has been
recorded through several hundreds of years which
makes it possible to compare their variable
frequency to climate variations to the extent that
reliable climatological peeordssex
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ANNUAL Sunspot Numbers: 1700-1995
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Reduced Sunspot Activity Predicted
for Next Decade

YALE News Release

For Release: Jan. 14, 1997

Yale and NASA Astronomers
Predict Decline in Sunspots, Which
Could Bring Cooler Weather, Fewer
Electronic Disruptions

The optimistic prediction, which contradicts
that of many other scientists, will be
reported Jan. 14 1997 at a meeting of the
American Astronomical Society in Toronto,
Canada, by Kenneth Schatten of Goddard
Space Flight Center/NASA in Greenbelt,
Maryland. He and Sabatino Sofia, chairman
of the Yale astronomy department, inferred
the magnitude of magnetic fields just below
the sun's surface from observations with
solar telescopes in Stanford and Big Bear,
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The red curve illustrates the solar activity, which is generally increasing
through an interval of 100 years, since the cycle length has decreased
from around 11.5 years to less than 10 years. Within the same interval
the Earth's average temperature as indicated by the blue curve has
increased by approximately 0.7 degree C. It is even claimed that the
finer structures in the two curves have similar appearances.

(Reference: Friis-Christensen, E., and K. Lassen,
Length of the solar cycle: An indicator of solar activity closely

associated with climate, Science, 254, 698-700, 1991).
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More Variabilities....

There are clearly also long term solar variations. One
such is the Milankovitch orbital and the North Atlantic
Oscillation periodicities. Some long term catastrophic
changes in Global climate are unassociated with these.

For example, 'Heinrich’ events occurred between 14000
and 70000 years ago. These are characterised by

specific layers of rich carbonate deposits and clear
evidence of low salinity, very cold water, and
planktonic foraminifer, associated with brief and
intense periods of glacial calving.

The N. Atlantic thermohaline circulation would have
fféects

-.h'
W, L
i




Global Warming: what's the truth?

» The rational way to see through this morass
of claim, counterclaim, politics, ignorance,
prejudice, commercial interests...

Go Back to Basics: look at the physics

Try to consider as many issues as possible without
being blinded by the extraneous detail

Think for yourselves
Attend Czaja's lectures




There is a wide band of uncertainty in the amount
of warming that would result from any
stabilized concentration of greenhouse gases

Temperature change relative to 1990 (°C)
10

Temperature
change at
equilibrium

Temperature
change
in year 2100

SYR - FIGURE 6-2
o

650 650 760 860 960 1,000
Eventual CO, stabilization level (ppm)

IPCC |
| INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE




Things you should know

1) There are clear signs of global warming.

The near-consensus is that it is mostly
anthropogenic

2) There are very large uncertainties




Oil Peak

» This section introduces the concepts of peak oil

* The underlying science will be not be covered
extensively in this physics course.

» But the consequences of it being true will be.

Price leap? Swing Midpoint

Production kb/d

{ Thousands)

Dr. C.J. Campbell/Petroconsultants
http://www.oildepletion.org/
1) ] http://www.energiekrise.de/
1950 1970 199 2011 2030 205! http://www.peakoil.net
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for the undrilled axeas us Tox thuse new well kaows,
a1 order of magnitude of the petroleum thut may exist

may be ohtived.

The most somprehensive studies so far made public
appear to be those of Wecks, which are cited by Wal-
According o these studies, in &

lace E. Pratt (1-8).
volume of 10-125 million cuble kilometers (2.5-3.0
million cubic miles) of sediments

meters (53x10° barrels) of oil.

of the land areas throughoat the world.

United States.
on the continental shelves, vl
a3 much oil as the land sediments.

ich may

Asseming that the land avess of the Dnited States

SCIENCE

the nited States
there have already beea discovered 8.4x 10 cubic
This represents
about 10 pervent of the total volame of such rediments
Hene, it is
estimated that for the world there should have been
present initially about tex times as much oil us for the
milar voluwe of sediments ocouks
contein sbout

February 4, 1949, Vol. 100

about three Limes the amount of uil shales n the
United States, we would obtain, for so. order of -
nitade, 160 x 107 eubie meters (1,060 billion baerels)
of oil from this source.

The results of these estiiuates are gisen in Table 1
and shown graphically in Fig. 5. Lt will be noted thal

92 porcent of the estimated total is represented by coal

SCIENCE
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Efcrgy from Fossil Fuels

King Hubbert, Assoriate Director,

loration and Production Research Division, Shell Oil Company, lnc.

 HE EARTH MAY BE KEGARDED us a
‘material system whose gain or loss of matter

Fgver the petiod of oue interest is nogligible.

and out of this systom, however, there oreurs a

5, in consequence of whith the

¢ontinuous or intermittent cirenlation.
ot diseussion we shall Testeiot our abtention to
The preponderance of

gregnies known as living organisms.
4 lnglul evidence, organisms have existed upon e
For probably as long as & billion yeuts, and it
jpears that evolution had proceeded far enongh that
apecies recognizable 8z man wust have existed
jshly a million years ago. The population of this
i ics ab that stuge is noknown but evidently was
i luge, 1t existed in some sort of ecological ad-
jostucat with the rest of dhe organie comples, and

that bypothetical stage its sole capaeity for the utiti-
saton of enerey consisted i the food it wis ble to

A thind soues of fosil eney, o sl itongh
exploited on a small scale for slmost & tesi
only now approaching its phase of rapid amxappm.
Rares or Propuertos
It is to the rate of increase and the magnitude of
the consumption of energy from fossil fuels that 1
a0 wish to direst your attentioa.

Consider coal. Althaugh production statistice fov
\he cater periods are not available, it is knowo that
from the initial diseosery sad. use of “ses coles” to
the present there has been a continuous increase in the

eat—the order of 2,000 ki per eapita
per ds

Enancipation from this dependence upon conteni-
poracy solsc energy was not possible until some other
150t ko, st of snergy heceme sl
e T its businning about the thirteenth
entary when some of the inbabitants of Britsia made
the diseoveey that cextain biack rooks found along the
shore of the Enst Coast, and thereafter known as “sen
wles” would bum. From this diseovesy there fol-
loxed in alumost inesiiable succession the ining of

A1 and its use for the smelting of wetals, the de-
velopent of the steaut engine, (he locomotive, the

Searaship, and stew-laetrie powe.

This development was fasther sugmented wheo,
bout. s ceatury ago, the second large souree of fossil
“nergy—petroleum aunl natural gas—vas tapped, lead-
g o the internal combustion engive, the automobile,
;b asraplane, and Disselelectric poer.

I Enersy oo Eonil Fad” wan sne of che pagecs pre
etz el e Somen o of Eoergon ald
Washingtoa, D S:yl:mb« 15, ducing che Cen-

onit ot o e 3

| —————

Fui 1. World productton of coat

rate of consvmption of this commodity. During the
cighteenth century the need for pover for the soal
mines led to the development of the steam engive, and
tae demand for bewer means of transporiation led
irt 1o the railxosd and then fo the sieam losomotise.
We know also that before the end of the eightoenth
century the smployment of this new source of eerEY
bad reached such o magnitude in Britein ws t produce
the major social and economic disturbunces roforred
to as the “Industrial Revolution.”

By 1864 (11, 12) (Fig. 1), from which date annual
world production statisties axe availasie, the anual
production of coal in the world hadrenched about 180
willion watic tons per year, and frvm that date until
To14, whes it had reached a rate of 1300 million tons
per year, it contimed to inczease geometricaly at &
Tate of 4 percent per yesr, or at & rate such that th
annusl production was doubling every 17 years.
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d descends stewply: the second rises more slow
lower masimm aud descends gently, The

uder cath cuxve, however, it approximately the same

v to
avea

frsetion of current” solsr energy whieh ehanges bt
showdy with tine, and is being continvously degraded
into waste heat irrespective of whether it i ntilized

10 umit squares, cach of which Tepresents §x 10**  or not.
filogras-eslarics. N A growth gurve of the utilization of wnur Fower,
3 - therofore, chould rise in a manner similar 10 those of

the Foesil fucls, but instead of then dechining 15 sero,
it should level off asymplotically to # meximum s all
available water power is brought. intu use. <At Teast

i¢ is physically possible.

To view of the eventusl exhsustion of fossil fiels,
it is of interest to know to whai exteal water power
<om bo depended upon to teplace them. In’Tablé 2

are listed the izstalled water power eapncities of the
vavious continents for the vear 1047 and estimatas of

their tots] potential eapacities (I0),. the number of
kitowatt-bours of energy Ihat such capacity shawd

produce per year, and fually, the energy, expressed in
beat units, of the amount of fuel that would be re-

Fie 6,

Rate of eursumptian eurcen foe fowsil [vels,

quired to produss an squivalant smount of power.
In these ealeulations the potentizl installed enpasity
is takeu to be squal appmsimalely to the power ab

104

e leogth of time during which cosl has been
i by el o e et To apprecite the
magnitude of what is bappening and the brevity of
o ehieh ot o B has ossrred, sonsee
these facts; By the end of 1947 the cumulative pro-
guction of coal during all past human bistory
amounted to approximately 1 billion metrio tons.
Of this, 40 billin, or spprosiiasicly one half, bas
been mived and consumed sin Sixty-two bil-
lioa, or more tban three.quaters, bas been produced
since 1900.

time d

Tty
bio, 2 Warld productlon of petroleum.

The world production of petroleus is shown graphi-
The first commersil produc-
n 1857 in Kumasia.
Two years later the first oil “wll .t Tied States
was completed. From these beginoiags, vith only an
occasional setback, the world production of petroleuta

of production doubled, on

Seats, or at an sverage anaval rate of increase of
sl are then § peset Since 1929 the rate of
ineresse has declined somewhat nd the doubling
period oot bt 15 years.

Agni, to emphasize the brevity of time ducing
which most of this has oscurred, the cumolative pro-
duction by the end of 1947 was 9.17 billion cubic
meters (57.7 bilion U. 8. barrels). Of this, one-bal?
hes been produced and consumed siace 1937, or dur-
ing the last 10 years, and 97 percent since 1600.

‘The energy content of the cosl and petroleum which
hes besn consumed, expressed in kilogram-ealories, is
shown in Fig. 3. From these two sources the energy

108
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per vear emouated in 1930 to 15X 10% or 15 i
“aod trillion, \ilogran:calories”pér year, of which o
proxiniately four-Eths and one-Afth were contribu
by coal and petcoloum respectively.

[ ——"

IR dENN

o8, erla preductino¢ exoey trom con o
- i s
cnergy eontent of ebout four-tenths that of oil.  Sins

Growsst ov Poruiation

Ope of the most disturhing ecologieal influcnces of
recent millennia is the human species’ prochvity or

Ft6. 4, Growth of world papulation

the capture of energy, resulting in a progressive i
cxease of the human population (4, 6).  This is bore
out by the growth corve of bumen populion sio%
S50, b g 4, esed on the s of CoTY
Saunders (2), and the recent estinate of Davis (3]

SCIENCE February 4, 1949, Vol. 109

power output is about 28 10%° kilagram-cal

ear, or e and & half Limes the present Tate of con-

sumption of enorgy from fosil fuels

The rale of consumption of energy from waler
power and solar radiation also risey almost verlically.
It is physieslly eapable of leveling off asymptotically
to & mazima valoe as shown in Carve 1 and being

lories per

ek thers more o less ey Howeres, it i is
eleo possible that it mey decline to some low
mediate salus s shown by Carve 1L or to .m., a

£n Curse L1, depending upon the state of human cul-
ture during the next fow thousand years.

Likewise the consuwnption of encrgy per capits,

after having risen very gradually from 2,000 to pos.

sibly 10,000 kitogram-calories per day, s seen fo in-
crease suddenly to » maximum value of seseral times
the highest previous value. Again it is physically pos-

sible to maintain & high value, as indicated by Curve I,
on a stable basis for an indetinile period of time from

current enexgy sourees, particulscly direet and indirect

will produce 16 %10° cablo weters (100 billion ber- s 5. Tatnt cuery ot tomt ftin
rels), then o reasonable eatifuate for the world would

be —a figure which will not be greacly altered by any

R o 10 reaspasble adjustments of the estimates of the 1o

E:z:,'m“l Shelves iﬁgi :g. e mminibg fusls, but may be eonsidersbiy altered it the

minable amount of coal is less than wsually assumed.

Totalt X 100 m? The amount of the initial eosl already cousumed is

These figures are cegarded a5 beiog sgmewhat lberal
und the guantity of ofl may sctaally be eonsiderably
less. Not iveluded it the Bgores ave the Athabaska
Tax Sands (), estimated to sontaip shout 30 10%
eubic meters of ol

1.35 pevsent, that of oil and natural gas, inclusive of
the Athabasks Tar Sands, about 5 percent, ‘The frac-
Lion of shale oil already produced is negligibe.
thesa data the estimated initisl supply of enerss stored
in fossil fuels is of the order of 50x10" kilogran-

From

TABLE 1
Exsnar or Fosau, Sus
- taielalls prewat S emsentase Oy Ep—
—— e T T heee
Hewonre Eucrey fon [
Quenttey caneent contew
aomigean U (10w kg ont)
e e oor 489 ST mecrl tons
ralzaad 1O 1 15 .27 % Lo
Tur Sam v 53 . o
Notuml Guef - 84 1090 o 12 BT X U o
o Sty 140 109 s Y e
Tl s o B ot a3
Terieed from etimars, Tweiih Datermatlonal Geologied Coogress (10
 Bar oo et o waller B st el-deom o T vaioanon AbeTves (L AP0, 31, 101T, O .
A’ P 04 0 e o, L naz Bd1
 taurd 00 gon7 i retlo of 48D i, af tuoeg of yvx =l aners of ol ’
o Bt etaneiny o Cotatadio. Vtal 1n] Wyoming' (LIILE. Teeh, Puot, Ko. 1854, Mar. 13451

The amount of natural gas may be eabimated at 400
eubie meters af gas for onc of oil, or at an enesgy suo-
tent of 40 pereent that of oif.

The oil shales of the world are less well kaown.
Those of the United Stutes, cspecially the Green River
shales, ure estimated to eontain at Jeast 555 10° cubic

weters of oil. Assuwing that the rest of the workd has

calories, of which 0.7%10%, gr 15 pereent, hns al-
ready been consumied

With this infarmatius we are prepared (o anider
what the future consutaption of fossil emergy may be
Tn Fig. & is shown the production of fossit enexgy up
io the present, and 4o possible projeetions into the

future. One production curve rises to 3 high peak

1, #f coal is mueh less than herein assumed, the area un-
fder the ourve will be that much smaller 4nd the ap-

gproseh to exhanstion that much sponer. How

5+ If, a4 the coal miining engineers intimate, the anioust

mean rate af fow and 100 percent cffieiency. The
estimated Gutpat is bnsed on r load factor of 05, and”

e fuel equivalent of the pover produced s based
won  upen » thermodymuemic eficiensy of steam plunts of

TaBLE 2

DEVREOPED AND LOTENTIAL WaTER POWER OF THE WORLD, 1847

“Tocul potenttal water power Vorennial outuat pre pazet

Instatlod enpackir

il

Hencs, with maxioum utilization, it would be pos-
sible with water power o supply (o the earth an
awount of energy comparable to that currently ob-
tained from the use of fossil Fuels,

Tiscs: Pemspecrive

The present state of haman afairs ean best be ap-
preciated in the light of & time perspective, minus

Sontuens 054, min. flow~ — Tnvrag of - and plus, of some tens of thoasands of years from the
- de et
1w o 108 kg at
1 203 118
m i a1
e o ey
s o 154
a0 1 ey
w » 283
w0 55 ) 06 Lz e ot 2512
43 "D B Geolugical Survay, “Developed and Botentlal Water Fower af the Workl” (1416
-7 Computnit s s averngs MEALAOK g
| 2 Buoed on lond tastos of 0.3,
%, " § Computed on basie af ¢Mcluncy of 20 perceat for steam plants, oc 4300 ki cal/kw b
%‘h- deoline may sel in, it is nat pussible to Say.  Never 20 percent—fgures which i in

eless the higher the sk of the production eurve,

¢ sooner and sharper will be the decling

W ateR FowEn
The exploitation of water power, like that of
£02 faicly ancient arigie, but also ike o, wit
balfsantury its ubilization has bisn small
8 fonnil fuels, howe

water power represents a

the United States at the present tire.

The present and potentisl water power for the world
is suwmarized graphically in ¥ig 7. The potential
eapueity ix shont 1500 million kilowatts of which
present joslallations amounk to only 85 millian, or 43

coal,
| the  pereeat.
Tn- The emergy content of the equivalent fuel which

would b required {p produce the polential water

Bumen aftars ko time perspetive,

1o 8

piesent, as depieted in Fig. 8. On such a tine seale
the phenomena we have discussed are ropresented by
abeupt, nearty vertieal ises From zero or near 2cro to
maximum values. The consumption of encrgy Erom
Fossil fuels is thus seen to be buk & “pip” tising
shurply from zero to a mazimum, wod aliost a8
sharply declining, and thus represeating but a tiotent
in the total of huan bistory.

wlar radation. It alo s posble, howerer, tht
ehrough caltural degeneration this curse may de

as in Curve IT, to the subsistence lovel of sur agracien
ancestors.

Viewed on such 3 time seale, the curve of husan
population would be flat and only slightly sbove mero
far at preceding bunsen history, and then it to viid
be secn to tise abruptiy and ahnost vertically fo &
maximum- value of seversl billion. Thereafter, de-
pending largely upon whit energy supplics are svail-
able, it might stabilize at & masimum value, 5 in
Ourve £, or wore probably o o lower and mors rwnsly

optimum value, ws in Carve IL However, should
Chltaral dugeraration occor %o that the avaiiln e
ergy esourees should ot be utilized, the homan pop-
utation would undoubtedly be reduced to & wuniber ap-
propriate to o agravian existence; s in Cure I

These sharp breaks in all the foregoing eurves ean
be ascribed quite definitely, divectly or indireetly, to
thc {apping of the large supplies of energy siored up
the fossil fucls. The reléase of this energy is
unidicectional and irvesersible prosess. It can only
happes onee, and tie historical events associaled with
this release are nevessarily without preczdent, aod are
intrinsieally incapable of repetition.

2 is clear, therefore, that our preseat. position 0B
the nearly vertical front slopes of (hese turves is 4 pre
carions one, and that the events which we atc withess-
ing and expericucing, far {rom being “noru," are
among the most sbnormal and anomales in (he his-
tory of tha world. et we caunot turn back; neither
cun we consolidate our geins and reinain whers we are.
In fact, we have no choice but to proceed into & Future
which we may be sssured will differ markedly from
sngbing e b expesiensed thus fer.

Jong the inevitable charactoristios of this Tuture
il e progressive @ echvanion of th minene. ot
and the zecompanying transfer of the material ele:

February 4, 1949, Vo 109

Aetording to these estimates the world population has
inorcased from ahout 545 nillion in 1630 to 2,171
miltion by 1040. The greatest Tate of inerease during
thio period has heen thit of the last balf-century, dur-
ing which the world population hes been inorensing.
at such a rate s to double itself every eentury, or st
‘an anaual rate of increase of 0. percent.

te is not “orwal,” as can be seen by back-
ward extrapolation. I it had prevailed throughout

SCIENCE

expansion e have voted. Ia the case of the sl
fuels the anser is swple.  As retnarked beforg, Hheso
fuels represeat an aceumlution ovor 500 il years
of geologic time, and any sdditional acenmalati n‘t\m
may be expected within the nest 10,000 years is“aeg-
ligible. When these fuels are burned, their material

the precious energy, after wndergoing a
sequence of degradations, Anally leaves the earth us

hunan bistory, beginuing with the mythical Adem? spent, longowavelength, low-tempereture radiation

and Eve, only 3,300 years would buve been required
to xeach the present populstion.  If, on the cantrary,
we assume the bwnan race to have been in exisience
for & million years, und to have increased at o wniform
exponential o geometrical rate, starting with & single
el he prea: opolution vold v bee seached
n that time by a rate of incrense of 2.1X 70 percent
per year, or a rate of growth thal v require 33,000
years for the population to deuble. At such a Tate
it s doubtfal whether uny census could detect
change in the population during one man’s lifetime.

That the present rate of growth canzot loog eon-
tinve is also evident when we consider that &t this
rate only 200 wore years would be required to rench
 popalation of nearly  billion—sbout the maximum
mmber of people the certh ean support. In faet, ar
such a Tate, only 1600 yenrs would be required to
reach 2 popilation density of one person for each
square meter of the lend surtace of the earth.

Prior to 1300 most of the energy available to man
wirs that derivable fram his food, the labor of his ani-
ks, and the wood ke used fur fuel. On a world-swide
busis it is deubiful if the sam of these exceeded 10,000
bilogram-calories per man per dav, and this was 1
severalfold incrense over the energy from food alone.

After 1800 there was superposed on top of these
Sources the energy from fossil fuels. From a world
avesage of 300 kilogram-calories per capita per day
in 1805 the energy £rom coal and peiroleum increased
10 0,850 by 1900, and to 22,100 by 1940. In the areas
of high industrialization this quantity is much larger
In the United States, for exampte, the energy from
el and petroleum consumed per day per capits
amouated in 1940 to 114000 kilogram-caloties (2);
nd trom ennl, petroleam, and natural gas, to 129,000,

Frvsicar, Liurs 10 Expasistor

From the forcgoing data it should be clear that
while we are concerned with # progression of ansient
origin, the developments within the st eentary, and
especiclly within the last few decades, are decidedly
exceptionnl. One cannot refrain from asking, “Where
s it toking w? How long cun we keep it upP”

This leads us to consider what physieal limitations |
thire may be upon the various types of energy whose

'nu-yn 1949, VoL 109

« of the eaxth from naturally oceurring deposits
low coneentration

from

e of materials and stll maintaia & high-energy in-

S guntrial civilisntion indefioi

tely.
Whethser (his pussibility shall be realized, or whether
ecession of

ye shall continue s at p
frises develop—oveepopulatio

SCIENCE

Henee, we deal with an esseatinly Sxed storebonse of |
enexgy which we are draving upon at & phenomiéral |
Tate. The amount which remains at my given tiame,
equals the amount initially present less that which)
bes been consumed already.

Tlie smouzt consumed up to any given time is pro-
portional to the aree under the curve of annual pro-
duction plotted against time.
pronch
present.

This area, -
but ean never quite equal the amount initially

T wo may amouncs-with serainty mz
the production curve of any given species of fosi
fuel will rise, pass through one br several mmm.,
and then dectine asymptatieally (o zero, Henee, whils
there is an infiaity of different shapes that such &
curve may have, they all have this in common: that
the area under each must be equal to or less than the
amouat initially present,

Asounes or Fossit Foris

While the quantities of fuels upor: the encth are not
known precisely, their order of mngaitude is preity
dofinitely circamseribed. The most scenrately kno
is coal. Al the Twelfth Toteraatiovo) Geologiesl
Congress at Ottawa iz 1913 world rwciew of coel was
wade snd the amonnt capable of heivg mined was
estimated to he about 8 x 10°% netric tocs.  Since that
cine some adjustments in the cstimales have been
wiade, giving us 3 present Sgure of about £.310%
metriz tous of eoa} initialy present.

"Within the lest few years this Sgure hae been oriti-
cized by mining engincers (2, 5) on the grounds that
while the estinated amount of cosl may in fact be
Prsent, the gmount, recoverable by practical mising
perations is but » fraction—passibly as small as one-
tenth—of the foregoing estimte, The degree of
validity of this eritieism still remains to be determioed.

For petroleum the estimation is considerably less
acourate then that for coal but stl it is probably
raliablo as to the opder of magnitude. The method of
cstimation in this case is that of sampliag. In the
Better known areas the amount of petroleam pro-
duced per nit solume of certain clesses of rocks has
been determined. The aress and volumes (within
drillable depths) of similar rocks over the carth are
faicly well known. By appliestion of the same factor

hether a serious enltural lag can be overcii
Vi of the rapidity with which the trapsition: i enr

Drent stae has ocencred L oot spng it
i » colueal lng showd exist, and (TR
ontinae toveae 9 the fandamentaly imple
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According to conventional geological

theory, Oil Has Peaked in Most Places

Non-OPEC, non-FSU Oil Production Has Peaked and is Declining
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Discovery must predate production

Discovery
mm Production

For Central Limit Theorem: http://www.stat.sc.edu/~west/javahtm|/CLT htt
See also http://mathworld.wolfram.com/CentralLimitTheorem.html
http://www.statisticalengineering.com/central_limit_theorem.htm



