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Cement production, millions of metric
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The End of Cheap Oil

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

by Colin J. Campbell and Joan H. Laherrére

price increases radely awakened the

ndustrial woeld 1o 25 dependence on
cheap crude oil. Prices first tripled = re-
Wponse 1o an Arab embargo and then
reat ly doubbed again when Lo detheoned
ite Shaby, sending the major economies
sputterng indo recession. Mazry analysts
warned that these crises proved that the
world would soon run ot of odl. Yet they
were Wrong

Their dee predictions were amotional
and political reactions; even at the tane,
oll exparts kiew that they had o wien-
tific basis. Jost a few years earlier oil ex-
plorers had discovered envonm cam new ol
provieces on the north slope of Alaska and
below the North Sea off the coast of B
rope. By 1973 the world had conssmned,
according 10 many experts’ best euti-
mates, ordy about cne eighth of s endow.
ment of readily accessible cride oil (s0-
calledcormentional otl) The five Maddle

In 1973 and 1979 a pair of sudden

78 Scientific American March 1998

Eastorn members of the Organczation of
Petroleven Exparting Comtries (OPEC)
were able to huke prices not because otl
was growing scance bat because they had
managed 1o cormer 36 percent of the mar-
ket Later, when demand sagped, and the
flow of fresh Alaskan and Noeth Sea oal
weakened OPEC's economic strangle-
hold, prices collapsed

The next oil aranch will not be 50 tem-
porary. Ouwr analysas of the discovery and
production of el fiekds around the werld
sugpests that within the next decade, the
wpply of conventional oil will be anable
tokeep up with demand  This conclasion
cortradicts the pichare one pets from ol
ndustry reports, whach boasted of 1,000
billion barrels of od (Gbo) in “Proved”™
rescrves ot the start of 1998, Dividing that
figure by the cumront production rate of
abons 23.6 Gho a your might sugpest that
crude aal could remam plentiful snd cheap
for 43 more years—probably kager, be-

Hloas s note that the
l@wwt of thir docwmomt
e slighdly dif)ormt than

e nriginal,

cawe offic il charts show reserves grow.

Unfortunately, this appraisal makes
theee critical errers. First, it relies on dis-
torted estimates of reserves. A second
mistake i 10 peetend that prodaction will
remam constard.  Third and most enpor-
tant, conventional wisdom erroneously
assnes that the Lat backet of odl canbe
panped from the ground jast as quickly
as the barrels of odl puhing from wells
today In fact, the rate at which ary well
or sy country—can produce oll always
rises 10 4 mavdenun and then, when sbout
half the oil is gone, begaw falling grado-
ally back to zero

From an economic perspective, when
the wor M runs completely out of ol is thas
not deectly relesant: what matters is when
peodaction begiw to taper off Beyvond
that poien, prices will rise undess demand
doc lmes commensurately

HISTORY OF OIL PRODUCTION, ficen the first commercial Ametican well in
Tiasvalle, Pa. (o, 10 derricks bristling above the Los Angeles basin (felow ), began
with steady growth in the US. (red line). But domestic production began to decline
after 1970, and vestrictions in the flow of Middie Esstemn ol in 1973 and 1979 Jed
to inflation mnd shortages (moar and conter Sphh. More recently, the Persian Gulf
War, with 25 burning oil fields (far right), reminded the industrial world of s
dependence on Middle Eastern otl production igray Sne)

The End of Chegp Ol

The End of
Cheap Ol

by Colin J. Campbell
and Jean H. Laherrere

Scientific American
March 1998

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



The General Depletion Picture

OIL & GAS PRODUCTION PROFILES
2008 Base Case
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What Fossil Resources do we still have?

Years
-100 0 100 200 300 400 2 800 2900 3 000
Uranium
Oil
Natural gas
Coal //
B Cumulative production to date [l Proven reserves Total remaining recoverable resources

Lifetimes of fossil-fuel resources (expressed as # of years produced and remaining resources based on
production rates in 2013)
Source: BGR, 2013, 0&GJ, 2013; USGS, 2012; USGS, 2012, BE 2014, NEA/IAEA, 2014, IEA World Energy Outlook 2014



Oil Discoveries Lowest Since 1947
Explorers slash spending after price collapse

B Conventional 0il Discovered

180K
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Billion Barrels
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Source: d Mackenz

Note: ;,i, T igure coe|“; exploration results to August. Discoveries amounted to just -

million barrels in 1947 but ballooned the follo wing year with the Ghawar find in S _11_1_1

Arabia, still the world’s biggest field. Bloomberg @




Depletion: once you eat the cake, you don't have it any more




Tiffany's jewelry fallacy:
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UGO BARDI The new paradigm in
mineral depletion studies:
THANATIA Dynamic depletion effects

How the Quest for Mineral Wealth  THE DESTINY OF THE EARTH'S
Is Plundering the Planet MINERAL RESOURCES

: i
A Thermodynamic Cradle-to-Cradle Assessment -
FOREWORD BY JORGEN RANDERS

Borrowed

Assessing the Threat of
Mineral Depletion

- Scarcity
of Minerals

The Past, Present, and Futurg of Glohal Mineral Depletion

A Repart to the Club of Rome )
Antonio Valers Gapillas

AliciaValero Delgado - : . & JOhn B, Tllton
POUR LES METAUX ?

& TheHague Centrefor Serac:gic Studies N 02 01 | 10

“mmd Scientitic

Copyrighted Materiasl

aréfaction,des méetaux, !
un nouveau défi poar kb oclate!
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Depletion: as you eat the cake, it becomes less and less tasty

https://en.wikipedia.org/wiki/File:Native_gold_nuggets.jpg



Ore grades mined have declined over time
Copper ore grade for World and selected countries: 1900-2008

Copper Grade (%)

6.28%

6% - —Worid
USA
5% - Canada
4.0% 5
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\
3% 4/ N
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\\
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- ~----"—‘~-§~- 1.07%
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1% -
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Sources: USGS, Mudd (2009)
Srook Hunt USS
Note: Rise inore grade in Australia from 1972 onwards s due to
startup of the high-grade Olympic Dam mine

MinEx Consulting Strategic advice on mineral economics & exploration
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The World3 model -1972
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The Limits to Growth, 1972
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MEDEAS

MODELING THE RENEWABLE ENERGY TRANSITION IN EUROFE

A NEW OPEN-SOURCE ENERGY MODEL TO GUIDE THE TRANSITION TO A
LOW CARBON EUROPEAN SOCIO-ECONOMY.

NEWS & EVENTS IN THE SPOTLIGHT

MEDEAS General Assembly in Florence Publications

Transportation in a 100% renewable energy system

The second MEDEAS General Assembly was organized
between 5 and 9 February in Florence, Italy by the National
Interuniversity Consortium of _..




RJ
CJ

"= Production

Simplified model of resource depletion

Produzione
Capitale

Anno

EROEI = (k1 * Oil Reserves * The Economy)/((k1*k2 ) * The Economy)

’= Economic growth Oil Reserves

C = Capital
R = Resources

EROEI =
k

2

Net energy = (k1 * Oil Reserves * The Economy) - ((k1*k2 ) * The Economy)

Net energy = (k1 * The Economy) * (Oil Reserves — k2)



EROEI and NET ENERGY

60 Production
40
20
0
-20
0 1 2 3 4 5 6 7 8 9 10 11 12

Time

27
Bardi, Lavacchi, and Yaxley - 2011



Qil Production KGallons

Whaling in 19th century
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U. Bardi and A. Lavacchi, Energies, 2009



Give a man a fish, and he will eat for one day.
Teach a man how to fish, and he will deplete the ocean.




The Seneca cliff The Seneca Effect
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An example of the Seneca Effect: Caviar production in the Caspian sea

The Seneca cliff

Tins

L pibae S0 pe-ard Sooal By tiun

35,000 -
30,000 -
25,000

20,000
15,000

10.000
5.000

lonnes

1950 1975 2000






Total World, Wind, and Solar Energy Consumption (1965-2016)

14y

Consumption (Billions of Tons of Oil Equivalent)

1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year (BP, 2017)



Primary Energy Demand [1000 TWh / year]
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Detailed Sustainable Energy Transition Path

Fossil phase-out: 2020 - 2075 | Emissions cap: 990 GtCO,
EROEI = 20 in year 2014 | Demand = 2000 W / person in year 2100

csp
PV
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1960

Wind
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Hydro
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2000 W
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Sgouridis, Csala, Bardi, 2016
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The Sower's Strategy:
Sowing today's Energy for the energy of tomorrow

As a man himself sows, so he Whoever sows sparingly will also
himself reaps... The fruit is of reap sparingly, and whoever sows
the same quality as the action. bountifully will also reap bountifully.

—Mahabharata, xii.291.22 Corinthians 9:6




Global Investment in Renewable Energy 2004-2017
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Bloomberg New Energy Finance (2017)



HOW ABOUT WALKING

THE SENECA CLIFF ON THIN AIR? I SAW
WILL DESTROY BOTH THAT ON TV

RUSSIA AND THE US
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Figure 6 — European Population at the time of the Great Plague (from Langer®)
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KEEP CALM

AND INSTALL RENEWABLE
ENERGY PLANTS
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The Seneca Effect

"It would be some consolation for the feebleness of
our selves and our works if all things should perish
as slowly as they come into being; but as it is,
increases are of sluggish growth, but the way to
ruin is rapid.”




Thomas Malthus,
An essay on the principle of Population
1798

Marion King Hubbert
Peak Qil - 1956

Jay Forrester: the concept of
«overshoot» in
Socioeconomic systems.
1971
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SilverCorp Average Silver Ore Grades
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The Limits to Growth was right

Historical Trend
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System Dynamics Stock and Flow models (“mind-sized” models)
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Californian Sardine Fishery

Fitting Predator (number of boats)
Fitting prey (sardine caich)
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Perissi, Lavacchi and Bardi, to be published



US 48 < Ofl Discoveries vs Wildcats
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Figure 6 — European Population at the time of the Great Plague (from Langer®)
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The Bell Curve (the Hubbert Curve)

56



The Brutal Logic of Climate Change
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Figure 1. Global, Annex 1 and non-Annex 1 emission pathways of CO, only from energy with different probabilities of not
exceeding 2°C. (A) Has an approximately 60% chance; (B) an approximately 50% chance with a later peak; (C) an approximately 50%
chance with an earlier global (and later non-Annex 1) peak. All pathways are updated versions of those within Anderson and Bows [10).

http://grist.org/climate-energy/the-brutal-logic-of-climate-change-international-shipping-edition/
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world fossil fuels annual production & forecasts assuming no
above ground constraint
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Total predicted emissions: 5x10+12 t CO2.
Maximum allowable for +2° C : 2.3x10+12 t CO2

http://www.theoildrum.com/node/9583



The Seneca Curve




Exploration of major mineral deposits and
the “Law of diminishing returns”

low expectations of yetto be
. . . billion
discovered major deposits |8 ysp

-t wb b
o N &

Number of deposit discoveries

Lkl .

1980 1983 1986 1989 1992 1995 1998 2001 2004
s Number of major deposit discoveries, LHS mmmm Number of world class discoweries, LHS

= Exploration Expense, RHS (USD Bn)
Sources: BHP Billiton, MEG, UBS WMR.
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o N & OO @

Graph: Raw Materials Group, Sweden

Graph by A. Diederen



Roman Empire Collapse
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Number of Horses in the United States
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http://www.humanesociety.org/assets/pdfs/hsp/soaiv_07_ch10.pdf).



Population, thousands

Ireland Population: the Great Famine
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Ukrainian Population

1950 1960 1970 1980 1990 2000 2010 2020
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‘STEADY AS SHE GOES’

!t ...AND
DO EASY o JusT Y 1 SUPPosE HYSTERICAL
CRITICIZE, YOU'VE GOT AN ECO-FANATICS!
SOMETHING, YOUNG ALTERNATIVE ALL | ALWAYS TELLING
You BUNCH WORKED OVT, PEOPLE HOW
HAVE You? TO LIVE...




Www.cassan@r%legacy.blogspot.com



Donald J. Trump | W Follow |
@realDonaldTrump | |

The concept of global warming was created by and for the

Chinese in order to make U.S. manufacturing non-competitive.
2:15 PM - 6 Nov 2012

4 1316634 % 8,586



The giant mining and recycling machine
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Prof. J. Gutberlet and a Brazilian Catador




US North Atlantic Cod Landings
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US North Atlantic Cod Landings
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Landings of demersal fish (tonnes x10%) ®

o

Fishing power (smack units x10°)
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The Seneca Effect

The Seneca cliff

Time

"It would be some consolation for the feebleness of our selves
and our works if all things should perish as slowly as they come
into being; but as it is, increases are of sluggish growth, but the

way to ruin is rapid.”
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Figure 18.6 Total international landings of sandeels in the North Sea by country. From ICES
(2007Db).
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Source: http://appinsys.com/globalwarming/
Puffins_UK.htm



Global marine yield halved as fishing intensity redoubles
A Watson et. Al

DOI: 10.1111/j.1467-2979.2012.00483.x

© 2012 John Wiley & Sons Ltd

DIMINISHING RETURNS ON FISHING

For each unit of fishing power expended by fleets, fish
catches are half what they were fifty years ago.

Relative catch per unit of effective effort

o —— —— — ——— ——
1950 1960 1970 1980 1990 2000

Percentage of global oceans fishe



Figure 3. Gold production and number of miners during the “Gold Rush” in California
fitted using the LV model developed here. The data are from [22].
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THE NET ENERGY CLIFF
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World Model — 6 stocks
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The Brutal Logic of Climate Change
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Figure 1. Global, Annex 1 and non-Annex 1 emission pathways of CO, only from energy with different probabilities of not
exceeding 2°C. (A) Has an approximately 60% chance; (B) an approximately 50% chance with a later peak; (C) an approximately 50%
chance with an earlier global (and later non-Annex 1) peak. All pathways are updated versions of those within Anderson and Bows [10].

http://grist.org/climate-energy/the-brutal-logic-of-climate-change-international-shipping-edition/
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PEAK PRODUCTION IS EXPECTED ~2015

» Gold market forecasters are expecting peak production in ~2015
* This coincides with a ~20 year development cycle from peak discovery
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The Seneca cliff

The Seneca Effect

Time

"It would be some consolation for the feebleness of
our selves and our works if all things should perish
as slowly as they come into being; but as it is,
increases are of sluggish growth, but the way to
ruin is rapid.”

Lucius Annaeus Seneca 4 AD - 65 AD
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In 1956 M.King

p[]e]el-Ta el {-Ye [[1{-Te M HUBBERT CURVE
that US oil IODIONS VEL{IKRVIGUM VNS .

production would !

peak around
1965-1970

It did ... at the
end of 1970.

Dally Ol Production

He went on to
predict that world
oil production
would peak
around 2000.

Pic: Energy Bulletin




The global coal peak
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http://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy/coal/coal-production.html
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Figure 1. British coal production from 1815 to 2004. The data from
1815 to 1860 are from Cook and Stevenson. 1996. The data from
1860 to 1946 are from Kirby 1977: the data from 1947 up to present
are from the British Coal Authority (accessed 2006). The
production data are fitted with a Gaussian function which
approximates the Hubbert curve. The maximum historical
production is in 1913 with 287 M tons. the maximum of the fitting
curve is in 1923.
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“If you realize that all things change, there is
nothing you will try to hold on to. If you are not
afraid of dying, there is nothing you cannot
achieve.”
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The End of Cheap Oil

Global production of conventional oil will begin to decline | "2 %050
‘sooner than most people think, probably within 10 years

The End of
Cheap Oil

by Colin J. Campbell
and Jean H. Laherrére

Scientific American
March 1998

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

Three Predictions:

1. World production of conventional oil to peak in 2004-2010
2. World Production to follow a “bell shaped” curve

3. Crude oil Prices to increase near the peak

1: Incorrect — at best partly correct

2. Partially correct
3. Correct



The global oil peak
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Non-equilibrium thermodynamics of the dissipation of finite resources
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Non-equilibrium thermodynamics of the dissipation
of antelopes by cheetahs
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Non-equilibrium thermodynamcs of the dissipation
Of whales by the 19" century whaling industry
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For 4°C global mean surface temperature

5°C - 6°C global /and mean

... & increase °C on the hottest days of:
6°C - 8°C in China
8°C - 10°C in Central Europe
10°C -12°C in New York

In low latitudes 4°C gives

up to 40% reduction in maize & rice

as population heads towards 9 billion by 2050

http://www.slideshare.net/DFID/professor-kevin-anderson-climate-change-going-beyond-dangerous



Global Maritime Trade Routes. Ca 2% of world's energy suppy
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Mining requires energy!
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Mining Requires Energy
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Garzweiler coal mine
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The end of mining as we know it



