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3.1. World resource use
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3.1.1. Contribution of the energy carriers
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3.1.2. Peak oil

M. King Hubbert

3. Resources

October 5th, 1903 -- October 11th, 1989

"Our ignorance is not so vast as our
failure to use what we know."

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553

EPFL: ChE 414 Thermodynamics of energy conversion
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3.1.3. The growing gap

~60

3. Resources

Billions of Barrels/Year

Discovery

[l

Consumption

Colin J. Camp
born 1931

v

‘l’l“lm

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Projected Discoveries

Ref.: Colin J. Campbell, Oil Depletion Analysis Centre ("ODAC")

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553
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3. Resources

3.1.4. Peak fossil energy
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Ref.: Jorg Schindler- Patrick Schmidt- Martin Zerta- Werner Zittel, (all from Ludwig-Bolkow-Systemtechnik GmbH -Ottobrunn),
“Woher kommt der Wasserstoff? Eine Analyse der globalen Energiesituation”, FVS-Workshop- Wasserstoff aus Erneuerbaren



QUESTION

Estimate from the Figure on the previous slide how much fossil energy carriers were
already used and how much is left?

ChE 414 Thermodynamics of energy conversion



SOLUTION

Estimate from the Figure on the previous slide how much fossil energy carriers were
already used and how much is left?

3. Resources

Approximation with a triangle: 200 years/2-10'000 Mtoe/year = 1000 Gtoe = 735 Gt C
370 Gt C already used 365 Gt C reserves = 1.163-1013 kWh - 365 Gt C = 4.2:10%> kWh
Approx. 1/3 is oil 170 Gt C = 905-10° barrels
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3.1.5. Global oil price Economic

crisis
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Ref.: https://www.indexmundi.com/commodities/?commodity=crude-oil&months=60;
http://www.tradingeconomics.com/commodity/crude-oil



3. Resources

3.1.6. Oil producing countries (50% of global)
Crude Oil Production [% of World) E 14.70/0

UNITED STATES
O E313.2%
SAUDI ARABIA
K E 12.8%
i©H RUSSIA
10%
Amid other factors, the

"Shale Revolution," a
combination of hydraulic
8% fracturing and horizontal
drilling, significantly
increased U.S. production.
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Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553 EPFL: ChE 414 Thermodynamics of energy conversion 4.3. 2025
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3. Resources

3.2. World reserves

Location of the world's main fossil fuel reserves (Mtoe)

e Coal eO0il

Source: BP Statistical Review of World Energy 2018 (WCA Analysis)

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553 EPFL: ChE 414 Thermodynamics of energy conversion
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3.2.1. World oil reserves Total 1'040-10° barrels

Ref.: R. G. Santos, W. Loh, A. C. Bannwart, O. V.
Trevisan, "An overview of heavy oil properties and its
recovery and transportation methods", Braz. J. Chem.
Eng. vol.31 no.3 S3o Paulo July/Sept. 2014

899

Middle East
685.6

Proven versus recoverable
and unconventional world oil reserves

"unconventional” oil reserves

ChE 414 Thermodynamics of energy conversion



3.2.2. World gas reserves Total 143+ 1012 m3

World's Largest Conventional Natural Gas
Reserves (Trillion Cubic Metres)
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3.2.3. World coal reserves Total 861-10"2 kg

Proven recoverable coal reserves reported to the World Energy Council by the
top-ten coal-producing countries at the end of 2008. Coal of higher quality

(bituminous including anthracite) is being depleted most quickly. RUSSIA

UNITED STATES

GERMANY - KAZAKHSTAN

QO €

UKRAINE
( >BHINA
INDIA

AUSTRALIA

GLOBA

8 SOUTH AFRICA
Fracti Fracti
of lower \ of higher
quality quality
coal coal
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3. Resources

Country

Bl United States

B ll France

® Japan

mm Russia

R Germany
. South Korea
S5t United Kingdom
Rest of the World
Total

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553

3.2.4. Uranium demand & reserves

Uranium demand, mining production and deficit'*?

18,918 tonnes (42 x10° Ib)
10,527 tonnes (23 x10° Ib)
7,659 tonnes (17 x10°% Ib)
3,365 tonnes (7.4 x10° Ib)
3,332 tonnes (7.3 x10° Ib)
3,109 tonnes (6.9 x10° Ib)
2,199 tonnes (4.8 x10% Ib)
15,506 tonnes (34 x 108 Ib)
64,615 tonnes (140 x10° Ib)

29.3%
16.3%
11.8%
52%
52%
48%
3.4%
24.0%

Uranium required 2006-08/'2%! % of world demand Indigenous mining production 2006!'%

2,000 tonnes (4.4 x10° Ib)
0
0
4,009 tonnes (8.8 x10° Ib)
68.03 tonnes (0.1500 x 10% Ib)
0
0
40,327 tonnes (89 x 10° Ib)
46,403 tonnes (100 x10° Ib)

Deficit (-surplus)

18,211 tonnes (40 x10° Ib)

EPFL: ChE 414 Thermodynamics of energy conversion

Identified resources recoverable
(reasonably assured resources plus
inferred resources), to USS 130/kg U,
1/1/17, from OECD NEA & IAEA,
Uranium 2018: Resources,
Production and Demand ('Red
Book'). The total recoverable
identified resources to USS 260/kg U
is 7.989 million tonnes U.

Identified resources in situ to USS
130/kg U are 8.122 Mt, and to USS
260/kg U, 10.653 Mt. * IAEA
estimate.

Uranium availability

Table 2: Uranium resources by country in 2017

tonnes U percentage of world

LIS 1,818,300 30%
842,200 14%
Canada 514,400 8%
485,600 8%
Namibia  RYFALTG 7%
ESOEY 322400 5%
I 290400 5%
LCCE 280.000* 5%
Brazil 276,800 5%
139,200 2%
Ukraine 114,100 2%
Mongolia 113,500 2%
73,500* 1%
58,200* 1%
lusa LD 1%
43,500 1%
280,600 4%

LG ETEE 6,142,600

4.3. 2025 18



QUESTION

Convert the volume [m3] of the World gas reserves into mass [kg].
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SOLUTION

Convert the volume [m3] of the World gas reserves into mass [kg].

ideal gas law: p-V =n-R-T
p-V:-M = m-R-T and therefore m = (p-V-M)/(R-T)

m = (p-V-M)/(R-T) = 1.013-105Pa-130-102m3-16g-mol1-(8.314 J-mol-K1-273.15K) 2
m = 92-102kg

ChE 414 Thermodynamics of energy conversion



3.2.5. Proven reserves of fossil fuels

YEAR 1980 1985 1990 1995 2000 2005 2010 2017
Oil 684 802 1027 1125 1300 1377 1642 1728
Natural gas 71 83 109 121 139 157 179 196
Coal ... 807 1035
Uranium 10.5 4.0 7.0 7.6

10° barrel
1012 Nm3
1012 kg
10° kg

Ref.: BP Statistical Review of World Energy - Main Indicators: https://knoema.com/BPWES2017/bp-statistical-review-of-world-energy-

main-indicators

calculated mass of C from table above

Oil 91 106 136 149 172 183 218 229
Natural gas 51 59 78 86 99 112 128 140
Coal 807 1035
Total 1404

Geological estimations:
11°000-10%2 kg CO, = 3500-10%2 kg C

Ref.: Michael Jakob & Jérome Hilaire, "Unburnable fossil-fuel reserves", Nature 517 (2015), pp. 150-152

10°000-10*2 kg C

Gt =102 kg C
Gt
Gt
Gt

Ref.: Siegenthaler, U. and Sarmiento, J.L., "Atmospheric Carbon Dioxide and the Ocean", Nature, 365 (1993), 119-125.

ChE 414 Thermodynamics of energy conversion



3.2.6. Estimated world energy reserves
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Ref.: ENERGY, ECOLOGY & ECONOMICS-PART lll, By Mary Odum, originally published by A Prosperous Way Down
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3.3. Carbon cycle Biomass

-CHOH-
4.9kWh/kg

fossil

Mio. years fuels
anaerobe
process

12.7 kWh/kg

Sun -CHOH-

Energy

Photo-
synthesis

6CO, + 6H,0 - CzH,,04 + 60,

Cco, )
Combustion Energy
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3.3.1. Formation of crude oil

BIOMASS

Cellulose/Starch  [C¢(H,0)s],,

Hemi-cellulose [C5(H50)4],
Hemi-cellulose [Clo(leo)g]n
Terpenes CioH16

Triacylglycerols [C«H,O¢], x = 50 — 60
Other organics [C,O,N,S]; Nucleotides; Phospholipides [C,0,P] ...
Inorganics K, Se, Si, Mg, Ca, Fe, S ...

CaAl-, MgAl-Silicate + NaCl reacts to NaAl-Silicate finally NaOH
Elimination of all oxygen [O] as: CO,, H,0, CO

C6(H1206) < 3CO,+ [C3H12] SpIItS 3 CHy (BiogaS)
Ce(H1506) 2 6H,0+6[C] Charcoal
Cs(H1206) 2 6 CO +6H, Synthesis gas

Mineraldle und verwandte Produkte: Ein Handbuch fur das Laboratorium, 29. Juli 2013, Springer-Verlag, Carl ZERBE,
Chap.: Erddl und Erdolprodukte. A. Allgemeines uber Erddl. Von DipL-Ing. K. K. RUMPF, Hamburg, p. 226
Leo Petrus and Minke A. Noordermeer, “Biomass to biofuels, a chemical perspective”, Green Chem. 8 (2006), pp. 861-867



3.3.2. Decarboxylation and dehydration
of Cg- and Cs-carbohydrates, over- view scheme.

Medium carbon chain length Short carbon chain length Medium carbon chain length Short carbon chain length
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Ref.: Leo Petrus and Minke A. Noordermeer, “Biomass to biofuels, a chemical perspective”, Green Chem. 8 (2006),
pp. 861-867
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3. Resources

3.3.3. Diagenesis and catagenesis
Lignin n(-g;!.\-o.;\ Proteins Lipids
Y AT
Living Polymenzation Unaltered
organisms molecules
v
i retaining carbon skeleton
o
o
o
(@)
(unaltered nics)
Fulvic acids —
Humic acids
Humin
KIJ Roease
-T - - - - - erogen F.o trapp
Principal zone
of oil tion
@
7]
@ Small to medium :
5 Mciocabons e Crude Ol
% Cracking .D Heavy
(&) Cracking hydrocarbons
(and bitumen)
Zone of Methane and
gas formation lioht hvdrocarbons | 1NaL. Gas 5 _ . .
S - ROy :  J.D. Brooks, J.W. Smith, “The diagenesis
¢ of plant lipids during the formation of
:  coal, petroleum and natural gas—II.
Cerbon residue . Coalification and the formation of ol
: and gas in the Gippsland Basin”,
T . Geochimica et Cosmochimica Acta,
Modified from Tissot and Welte, 1984. Petroleurn fornation and occurrence, Springer —Verag, 699 pp.  Volume 33. Issue 10. October 1969 pp
Surnrary of the oil formation process : 1183-1194' ! rEE
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3.3.4. Shale oil

The Geology of Conventional and Unconventional Oil and Gas

Land Surface
Conventional Unconventional
iat -
"°"’ag‘;°'a . Oil or Gas Well fnzf,':‘z Conventional
Associated

Gas

Tight Sand ——é?

Sandstone Gas

Lateral Wellbore with et "

Multi-stage Oil and Gas-rich Shale
Hydraulic Fractures

Source: EIA
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3. Resources

3.3.5. Global oil production U.S. Shale Oil production
E Permian (TX/NM)
Z
_ Bakken (ND/MT)
20IO6 20I08 20II0 20II2 20II4 20II6
World crude oil production by region, 1980-2010 =
million barrels per day Cla
80
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Europe
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40
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10 Africa
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0
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3. Resources

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553

3.3.6. Geological oil production

THE MYTH OF FOSSIL FUELS

Thomas Gold

Hydrosphere

Atmosphere

-

Hy

C1 Compounds
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H, H Oxidized
End-

Interactions Member

H,0
Oxidants

Hydrothermal Vents & Hot Springs

Generalized schematic of the subsurface crustal
environment and interacting forces that produce
habitable conditions in the subsurface. Inset shows
a magnified view of the interactions occurring at
the surface—subsurface interface, and mechanisms
of H, production in the subsurface that are
discussed in the text are highlighted.

4C
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Crgwrse Mater

—
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—
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Schematic drawing representing the role of the deep
biosphere in the global carbon cycle. Parts of the organic
carbon deposited on the seafloor are re-mineralized and
cycled back to the water column. Some inorganic carbon is
buried as diagenetic carbonate. The latter is mainly induced
by additional alkalinity from anaerobic metabolisms and is
decoupled from sedimentary carbonate induced by alkalinity
from continental weathering. Most carbon is stored in the

rock record, but the deep biosphere has a significant effect
on what goes into this reservoir.

Ref.: Daniel R. Colmana, Saroj Poudela, Blake W. Stampsb, Eric S. Boyda,
and John R. Spear, “The deep, hot biosphere: Twenty-five years of
retrospection”, PNAS 114:27 (2017), pp. 6895-6903
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The Simon-Ehrlich wager:
Simon challenged Ehrlich to
choose any raw material he
wanted and a date more
than a year away, and he
would wager on the

3.3.7. Superabundance

Population resource abundance over time:
the Basic 50 commodities (1980 — 2018)

Julian SIMON Paul R. EHRLICH

inflation-adjusted prices
1932 - 1.998 decreasing as opposed to 1_932 B
Population Economist increaSing. BIOlOngt
ebuiiance Ehrlich chose copper, chromium, nickel, tin, and tungsten. The

Sy bet was formalized on September 29, 1980, with September

29, 1990, as the payoff date. Ehrlich lost the bet, as all five

+252%

Gale L. Pooley . . . :
commodities that were bet on declined in price from 1980
through 1990, the wager period.

The Simon Abundance Index 1980 — 2023
- (1980 = 100)
abundance
+71.2%
Population
Marian L. Tupy Basic 50 |
GDP per total hours worked )

Compound annual growth rate in population resource abundance: 4.84% v Cost I n WO rkl ng tl m e

Years to double population resource abundance: 14.66
1980 1985 19950 W 2000 2005

Ref.: Marian L. Tupy, Gale L. Pooley, “Superabundance: The Story of Population Growth, Innovation, and Human
Flourishing on an Infinitely Bountiful Planet”, (2022), George Gilder (Foreword)
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3.4. Primary energy “Sources and reserves”

rewabb

SOLAR*®
23,000 per year

Petroleum 29

90-300
Total

Uranium 2.1

Ref.: http://cleantechnica.com/2016/08/17/10-solar-energy-facts-charts-everyone-know/



3.4.1. Biomass Production

1 dt/ha = 100 kg/10'000m? 2009
[dt TM/ha]
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£ ,, 5% +19% ‘
U . —
s 100 PE
=
50
0
(/] = o i &
& & S @é &
Q <) N & &
-9 % N IS o
¥ Y & e 4
K\ 5 $
S *
I ()
$ §
@ 9

Corn (7150kJ/kg): 25t/10°000m? = 2.5kg:m?2:2kWh-kg1 = 5 kWh-m-2

Ref.: Dr. Sandra KRUSE, Landwirtschaftliches Technologiezentrum Augustenberg, Hochburg, 8. 2. 2010
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3.4.2. CO, Emission for biodiesel production

Carbon Intensity of Biodiesel Production {(US Soy Oil Esterfied in the UK)

(O for Cropland 122 for Grassland, 1127 for Forest land

Land h
andtise/changs; |0 when amortised over 20 years)

Production of soy beans 64

Drying and storage of soy beans :l 2

Transport of soy beans to port 2
(100km by truck)

a1 Soy meal animal feed co-product
(substitutes for EU wheat)

Processing soy beans to oil 15

Transport of soy oil to UK 3
(7,000 km by Boat)

Esterfication 13

Stage in production process

Total 54 3
-60 -40 -20 i, 20 40 60 80
data taken from httpc Ay dft gov uk/! Carbon lntenS|ty .
porroadsienvronmertitfoigoviecrtapdt (g CO2 per MegaJoule Biodiesel: UK DoT figures) 1 MJ Diesel = 87 g CO,

Ref.: Carbon and Sustainability Reporting Within the Renewable Transport Fuel Obligation". UK Department
for Transport. January 2008.
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3.5. World energy demand 19 TW

Electricity 6.9 TW Mobility 2.0TW Residential & Industry 7.7 TW
2100 GW 3.3TW,,. 1350 GW 1200 GW 1800 GW
- e b,
- s b s O )
o o i [ [
2 B11E ) | == I ] |
ol [
24 GW

-
290 GW 2 3000 GW

380 GW
<z
480 GW + 420 GW > ~Z o 1700 GW
=y
s i .
ey Q
- — NP Nk o

1
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3.6. Combustion of fossil fuels

IUPAC has changed the definition of standard
temperature and pressure (STP) in 1982: [1]

Until 1982, STP was defined as a temperature
of 273.15 K (0°C, 32°F) and an absolute
pressure of exactly 1 atm (1.01325-105 Pa).
Since 1982, STP is defined as a temperature of
273.15 K (0°C, 32°F) and an absolute pressure
of exactly 105 Pa (100 kPa, 1 bar).

STP should not be confused with the standard
state commonly used in thermodynamic
evaluations of the Gibbs energy of a reaction.

NIST uses a temperature of 20°C (293.15 K, 68
°F) and an absolute pressure of 1 atm (14.696
psi, 101.325 kPa). This standard is also called
normal temperature and pressure (abbreviated
as NTP).

[1] A. D. McNaught and A. Wilkinson (1997).
IUPAC. Compendium of Chemical Terminology
(2nd  ed.). Oxford: Blackwell Scientific
Publications. ISBN 0-9678550-9-8. Standard
conditions for gases: ... and pressure of 105
pascals. The previous standard absolute pressure
of 1 atm (equivalent to 1.01325-10° Pa) was
changed to 100 kPa in 1982. IUPAC recommends
that the former pressure should be discontinued.

Enthalpy & Entropy of formation

Product ninC,Hy, AH;[ki-mol™] S°[-mol*K™ ¢, [J/Kmol]
Methan 1 -74.8 186.2 36
Ethan 2 -84.7 229.5 53
Propan 3 -103.8 269.9 74
Butan 4 -126 310.227 97
Pentan 5 -146 120
Hexan 6 -167 143
Heptan 7 -188 166
Octan 8 -208 360.896 189
Nonan 9 -229 212
Decan 10 -250 235
Undecan 11 -270 257
Dodecan 12 -291 622.5 280
Hexadecan 16 -373 372
C 0 5.7 9
H, 0 130.6 29
0, 0 205 29
N, 0 191.5 29
H,0 liq. -285.830 69.9 75
H,O gas --241.826 188.7 34
co -110.53 197.6

CO, -393.51 213.6 37

at standard temperature (273.15K) and pressure (STP = 10° Pa)



3.6.1. Enthalpy of formation of hydrocarbons

M [g/mol]
0 50 100 150 200 250
1 1 1 1 1 1
0 - 400
-100 4 ~- 300
-—ﬁ —:‘O
§ —
_2 -200 ~ 200 é'—
5 7,
<] L=
-300 - - 100
-400 = 0
I | I 1
0 5 10 15
n [CnHln'Z]
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3.6.2. Enthalpy of the combustion reaction

CgHqe + 12.5 0, — 8 CO, + 9H,0
AHg, = 9-AH{H,0) + 8-AH{CO,) — 12.5-AH{O,) - AH{CgH1s)

AHg = 9mol-(-241.826kJ/mol) + 8mol-(-393.51kJ/mol)
—12.5mol-0 — 1mol-(-208kJ/mol)

AHg =-5116.5k) (H,0),,c  and  AHg=-5512.5 kJ (H,0);q
M(CgH,g) = 114 g/mol

AH, = -44.88 k)/g = -44.88 MJ/kg = -12.4 kWh/kg



3.6.3. Entropy of the combustion reaction

CqHig + 12.5 0, — 8 CO, + 9H,0
ASg = 9-S°(H,0) + 8-:S°(CO,) — 12.5-S%(0,) - SO(CgH )

ASg =9mol-(188.7 J/mol-K) + 8mol-(213.6 J/mol-K)
—12.5mol-(205 J/mol-K) — 1mol:(360.8 J/mol-K)

ASg = 483.8 J/mol-K (H,0),
AGg = AHg — T-ASg = -5116.5 k) — T- 483.8 J/mol-K (H,0),,,

AGr < 0 for all temperatures — spontaneous reaction!



3.6.4. Combustion enthalpy of hydrocarbons

07 ./.__.__.—.—0—0—0—0-0—0—0 &
= CH;-(CH,),, ,-CH,
-10000 - O
=
3
-20000 - m
. =
g S
= -30000 -
=
< -40000 n CO, + (n+1) H,0**
A
e W -
n CO, + (n+1) H,0"
-60000 -
1 1 1 1 I 1
0 50 100 150 200 250
M [g/mol]
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3.6.5. Gravimetric energy density of combustibles

AH
[kWh
/ kgl

-10.0

-20.0

-30.0

) CH, CH;OH i Mg Al

34

6.8 7.6 12 6.9 8.6
4.9

co, MgO
2 ZH')
CO, + 0) A0
9.8 6.4
Li,O

6CO, + 7H,0
CO, + 2H,0

AH°(H,0) : -285.83 kJ/mol
AH(CO,) :-393.5 kJ/mol
AHOY(CH,) : -75 kJ/mol
AHO(C.H,,) : -167 ki/mol
AH9(CgH,) : -208 kJ/mol
AH°(MgO) : -601.2 kJ/mol

AH°(ALL0;) : -1675.7 ki/mol __|

AHO(Si0,) : -910.9 kJ/mol
AHO(Li,0) : -596 kJ/mol




3.7. CO, Emmitters

IHESIYUESIISOUTCESIOINSTEENNOUSENSASES

[HAWING PERMAFROS Y . ’ \

R TRANSPORT

. COAL PLANTS Wee e ey
u OIL PRODUCTION

¢
+ CROP BURNING

) -
b% o »
\ ‘, FERTILIZATION
FOREST BURNING

ANDUSTRIAL AGRICULTURE &
| = > ‘\b
LAND TRANSPORTATION
7 LANDFILLS+

/

/
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3. Resources

3.7.1. CO, Emitters by sector

Residential
(23 %)

Heat, 2% (2014)
Combined Heat _
& Electricity, 5%
Base load
electricity, 26% electricity
production
(38 %)

electricity, 12%

Aviation, ﬁ‘ |
Shipping, 3% I

mobility
(22 %)

Ref.: Davis, S. J. et al. « Net-zero emissions energy systems », Science 360 (2018), pp. 1-9.
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3. Resources

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553

3.7.2. Global CO, emission per capita by countries

m;ef':a':’i:“’ Worldwide CO, Emissions
> e .
(t/year) & (2018; by region; per capita; growth)
&
é“bb >
o
2
20 1203 & & T [ [ [ .
‘6\1\&4‘ & 0% T 5% 3% 1% 1% 3N K 7% 9%
>
» &Vf‘,p ,\é"o CO2 total emission growth 2017-18
00"’ o > ¥ &9 2018: 33.5 Gt (+2.1% yoy)
Y 2P @
i & oke’@ Q@;\Q\ Q
USA L ©° o I3
T o 5 .8
L S5 & g & &
10 PES T £ A
VL o 23 _ v < >
I 2ESe &
o 8853, it ol
K LAY
e Q" &
* o8& C O X,
China ® N %"7%.&%01#6?&?’ P & avg. 2018: 4.4 t/yr per capita (+1.1% yoy)
il N‘s\@\:&x@ NN FN
L oo sy \b q:b‘\'
A R
{ : Asia B ¢ Africa
’ . (w/o S. Africa, Libya)
5 | 4 = L 7.6
0 1 2 3 4 5 6 7 (+0.92% yoy)
Population (billions)
Notes: Attribution:

Energy-related CO2 emissions only; no other greenhouse gases or natural sources;
aviation and marine bunkers not shown as territory, but included in average and totals.

I Middle East A: Bahrain, Oman, Kuwait, Qatar, United Arab Emirates

? Middle East B: Israel, Jordan, Lebanon, Syrian Arab Republic, Yemen

* Asia A: Brunel Darussalam, Malaysia, Mongolia, Singapore

4 Asia B: Asia without Asia A, China, India, Thailand, Chinese Taipei, Indonesia, S. Korea, Japan

% China: People’s Rep. of China, Hong Kong

Based on |EA data from IEA (2020) “CO2 Emissions from Fuel Combustion 2020%,

www.iea org/statistics. All rights reserved; as modified by Thomas Schulz, AQAL Capital GmbH.
This map is without prejudice to the status of or sovereignty over any territory, to the delimitation
of international frontiers and boundaries and to the name of any territory, city or area.

This work is licensed under a Creative Commons Attribution-ShareAlike 4.0 International License.

Version:
25-0¢t-2020 by Thomas Schulz, AQAL Capital GmbHM (hitps://agalcapital.com)
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3. Resources

3.7.3. CO, IN WATER

X [mol CO,/mol H,0] = p(CO,)/H
In(H/MPa) = -6.8346 + 1.2817-10%/T —
3.7668-105/T2 + 2.997-108/T3

CO, Solubility in water

..

Biological and physical pumps of carbon dioxide

The average concentration of inorganic carbon CRaBNGaoInin’o 00,0000 0G7C0, U0
in the ocean is ~2.3 mmol-kg-! (0.01g/100g) S v v
and its residence time is ~200°000 years. g | PEENNE | s SR

)
o
o
A

-

1.6401
—273K
-1.5
1.E400 . —283K
| —293K_ | ______ 1 __ 001g/100g _________
1.E-01 303K o
— —313K |
g 1602 . = 28
2 g
= -3}
1.£-03
z 0.3 mg/100g g
3 1.E-04 o |
3 1
1.6-05 |
-
-4.5}
1.E-06 8
1400ppm -5
1.6-07 0
1.6-07 1.E-06 1.€-05 1.E-04 1.6-03 1.E-02 1.€-01

p [MPa]

(1991), pp. 1201-1209

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553 EPFL: ChE 414 Thermodynamics of energy conversion

Ref.: J.J. Carroll, J. D. Slupsky, and A. E. Mather, “The Solubility of CO, in Water at low Pressure”, J. Phys. Chem. Ref. Data 20:6
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3. Resources

300 years

. . [}
3.7.4. Global CO, - Emission
CO, emissions by fuel type, World
Annual carbon dioxide (CO,) emissions from different fuel types, measured in tonnes per year.
Gt CO, / year
1 Flaring
35 billion t Cement
30 billiont Gas
25 billiont
20 billion t Oil
15 billion t
10 billion t
Coal
Sbilliont  36-47/2 +5.5:70/2
= 1040 Gt CO,=345Gt C
Ot
1751 1800 1850 1900 1950 2000 2017
Source: Global Carbon Project (GCP); CDIAC CCBY
Ref.: https://ourworldindata.org/co2-and-other-greenhouse-gas-emissions
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3.7.5. Atmosphere

Mass of the atmosphere?
F=m-g=pA=1.013-10°Pa-4-m:(6371km)?
m =5.26 M Gt

70 km




QUESTION & SOLUTION
What is the mass and the number of molecules in the atmosphere.
p=FA=mg/A=m-g/(4rr2) withg=9.81 m/s2; r=6.37-106m; p = 1.013-10° Pa

m =4-7-r2-p/g =5.265-1018 kg = 5.26 MGt

Gas: 80% N2, 20% 02 leads to M = 0.8:28g/mol + 0.2:32g/mol = 28.8 g/mol

n=m/M =1.83:10%° mol

ChE 414 Thermodynamics of energy conversion



3.7.6. CO, Emissions and fossil fuel

ﬂ Bidens Klimarevolution?
THE RISE OF

Anteile an Primarenergieverbrauch, nach Quellen, 2020 (Trump)

THE U.S. o provvcek

Over the last decade, the United States has established itself as the world's
biggest producer of crude oll, leaving behind Saudi Arabla and Russla.

=14.7%

UNITED STATES

=132

_ » SAUDI ARABIA

R Amid other factors, the

\ L “Shale Revelution,” 3
combination of hydrastic
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ariling, Skgnicantly
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. Ol Gas, Kohle . Atom Erneuerbare (Wind, Solar, Geothermie, la'l(;'nm;r;e)
=0 canson 5.6%
9 o 120 5.5%
=l oma
: wE 4.3% QUELLE: US ENERGY INFORMATION ADMINISTRATION
y L - == o IRAN 4.1%
4 - 7
AN/ y —rg s, B2 smazn 3% B
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(a,,__—//*\.,-— . : X
4 / o B \ | >
- ,f/_,_---' [} [}
®&— —_ -l -t
- —n b — b e . - e
R - — ——— 2000 ot . —

DAILY CRUDE OIL PRODUCTION 2022 wusecrsionn B - iionsuesss

UNITED STATES ~ SAUDI MA&A I.USSIA (HINA IRAI aum KI.MHT

EINSM EX06M m10.3M ", = e

4.5M 4.5M 35M J]M

CO, emissions. [Gty™!]

0.44 Gt-y~?

B 0675 Gty! KA 0.035Gty?

Crude of Inciuding Inase condemsate (Sormels per day) Source: U 5 Fneegy information Adevnistretion (X020

TLEMENTS (2] FUEMENTS VISUALCAMTALST OO
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3.7.7. Anthropogenic CO, emissions and atmospheric concentration

1600 590
1400 &40
— 1200
S 490 E
& 1000 =
5 S
2 800 440 ®
5
S 600 c
S 390 S
= 8‘
3 400
340
200
0 290
1850 1900 1950 2000 2050

Year
Cumulated anthropogenic CO, emissions and concentration of CO, in the atmosphere
vs. time. The difference is assumed to be due to natural sinks. The mass of the
atmosphere is 5.26 MGt.

Ref.: https://ourworldindata.org/co2-emissions
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3.7.8. CO, remaining in the atmosphere

100%

m(atmosphere) = 5.26 MGt
90% .

80% : )
70%

60% . - .

50% ' : -, .90

40%

Fraction CO, [%]

30% . °
20%
10%

0% - oo
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Year

Fraction of CO, in the atmosphere vs. year. In average 50% of emitted CO, remains in the
atmosphere. Ref.: https://ourworldindata.org/co2-emissions
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3. Resources
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3.7.9. CO, Emission and Absorption

Annual carbon flows

50
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Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553

Ref.: R.A. Houghton, “Balancing the Global Carbon Budget”, Annu. Rev. Earth Planet. Sci. 2007. 35:313-47
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3.7.10. Global carbon balance sheet

Atmosphere

fires +56 +5. 1
photosynthesis -125  biologic -4.3

fossile
fuels +9.4

respiration +62.7

Kandasamy S and Nagender Nath B (2016) “Perspectives on the Terrestrial Organic Matter Transport and Burial along the Land-Deep
Sea Continuum: Caveats in Our Understanding of Biogeochemical Processes and Future Needs.”, Front. Mar. Sci. 3:259. doi:
10.3389/fmars.2016.00259
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3. Resources

3.7.11. Biomass distribution
Life on Earth: the distribution of all global biomass

Biomass is measured in tonnes of carbon. The global distribution of Earth’s biomass is shown by group of organism (taxa).

Our World
in Data

Global biomass: 546 billion tonnes of carbon

Plants

450 billion tonnes carbon
82.4% of total biomass

1%

Bacteria

Animal biomass: 2 billion tonnes of carbon (0.4% of total biomass)

Arthropods

/| 1 billion tonnes carbon
|1 42% of animal biomass

A

02 biion tormes.
BN arvmal bloenass.

- ‘Cnidarians
Fish '.'.). R ot s
Ly & BT PRehy Ve AR S Humans
‘0.7 billion tonnes carbon R 108 bion s crton
y &l e s ‘ L% 0f mmiensd
29% of animal blomass < et e
Livestock s
© 0.1 billion tonnes carbon “m‘ﬁ'm,%(,h,
4% of animal blomass. 0.3% of sl biomas
' ~ Wikd birds
” ’-I 0,003 elion torees carbon
DONN of wemad Lamtuns
v (1 .
0.2 bikiom torvees carben 07 e e g — ]
QO% of tolsl tscrmata OI% of srivmsd Lmwanss
Data source: Bar-On, Y. M., Phillps, R, & Milo, R (2018). The biomass distribution on Earth, Proceedings of the National Acadermy of Scences, [cons from Noun Progect
OurWorldinData.org - Research and data 1o make progress against the woeld's largest problems ensed under CC-BY by t

Live biomass has been removing 4.9 to 5.5 GtC y'* from the atmosphere, offsetting 4.6 £ 0.1 GtC y* of gross
emissions from disturbances (+1%).

Different regions show varying rates of biomass change:

China has gained biomass at a rate of 0.11 GtC y!. Brazil and Indonesia have gained 0.05 and 0.03 GtC y,
respectively. European Union has shown an insignificant increase due to increasing forest disturbance.
Boreal forests are accumulating carbon at a rate of 0.10 MgC hat y1.

Ref.: Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on Earth. Proceedings of the National
Academy of Sciences. Icons from Noun Project.
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Net Primary Productivity (kgC/m2)

3.7.12. Net primary productivity of biomass [ =————————

Nearly 20 years of satellite observations of net primary productivity reveal the seasonal and
yearly cycles of Earth’s vegetation. More subtle vegetation patterns include a decrease in
productivity at high latitudes of the Northern Hemisphere following the eruption of Mt.
Pinatubo in 1991, and global-scale decreases in productivity during El Nifio events. Biomass
net productivity has increased 6% in the last 18 years. 86% of the world's biomass is located
in the global South.

Ref.: https://earthobservatory.nasa.gov/features/GlobalGarden
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3.7.13. Atmospheric CH, concentration

1 1 | | 1 1 | 1 1 |
)
1800 Methane (CH.)
i ¢ Antarctic (Law Dome) ice/firn ]
1600 |- ¢ Kennaook / Cape Grim (flasks/in situ) 7
ié-\ ilYeSE’?Ch‘i?Lintf'\f/\éozldw“m‘"p(mt’t S o Py giver Yoo Al |
& 1400 | thousand neads 7 o _
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- @O $> .‘ )
@ M0 o 90PN 6 G000 R 990 PRI
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Atmospheric methane concentrations (in ppb) over the last 2000 years, based on measurements of air trapped in
Antarctic ice and firn, shown in blue-grey diamonds, and the modern Cape Grim in situ record, shown in orange.

Ref.: https://www.csiro.au/en/research/environmental-impacts/emissions/global-greenhouse-gas-budgets/global-methane-budget
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3.7.14. CH, Global Budget

GLOBAL METHANE BUDGET 2008-2017 ©OO

TOTAL EMISSIONS PRI TOTAL SINKS
*
>100 03
Bottom-up Top-down 737 576 625 556
view (BU) view (TD) (594-880) (550-594) - (500-798) (501-574)
Ve N\ r A
128 111 206 217 30 30 149 181 222 37 595 518 30 38
(113-154) (81-131 191-223) (207-240) (26-40) (22-36) (102-182) (159-200) (143-306)(21-50)  (489-749) (474-532)  (11-49) (27-45)

Sink from

: chemical reactions
" s in the atmosphere

i . Biomass and biofuel ink in soi
Fossil fuel Agriculture and waste ‘ Wetlands Othelr ngtural L Sink in soils
production and use burning emissions

Inland waters, geological,

oceans, termites, wild animals,

permafrost, vegetation
GLosAL{cARBON
PROJECY

Ref.: https://www.globalcarbonproject.org/methanebudget/
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500'000°000 years

3.8. Global temperature

C Extfeme Hothouse Great Permo-Triassic Extinction
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i ind o " s M
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5 H:}!l{‘-n}nsn 256 258 -a.q\ Late Cretaceous Hothouse I:s.s
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Ref.: Christopher Scotese, 2016. “Plate Tectonics, Paleogeography, and Ice Ages, (Modern World - 540Ma)”, YouTube Animation
https://youtu.be/g_iEWvtKcuQ.
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3.8.1. Temperature on earth over the last 500 Million years

e [l EN D DI 1 Y Ry
state

Cooler climate INEEE"""JNNEEN \Warmer climate
35 : Less likely T More likely

Global temperature (°C)
&
|

Paleozoic Mesozoic Cenozoic
450 400 | 350 | 300 - 250 | ZOO 150 100 | 50 0
Age (millions of years ago)
PhanDA global mean surface temperature across the last 485 million years.
The gray shading corresponds to different confidence levels, and the black line shows the
average solution. The colored bands along the top reflect the climate state, with cooler colors
indicating icehouse (coolhouse and coldhouse) climates, warmer colors indicating

greenhouse (warmhouse and hothouse) climates, and the gray representing a transitional
state.

Ref.: EMILY J. JUDD, JESSICA E. TIERNEY, DANIEL J. LUNT, ISABEL P. MONTANEZ, BRIAN T. HUBER, SCOTT L. WING, AND

PAUL J. VALDES, “A 485-million-year history of Earth’s surface temperature”, SCIENCE 385 (2024), Issue 6715
DOI: 10.1126/science.adk3705
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2'000 years
3.8.2. Surface temperature from tree rings —
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Ref.: Edward R. Cooka, Jan Esper, Rosanne D. D’Arrigo, "Extra-tropical Northern Hemisphere land temperature
variability over the past 1000 years", Quaternary Science Reviews 23 (2004), pp. 2063 — 2074.
https://upload.wikimedia.org/wikipedia/commons/c/c1/2000 Year_Temperature_Comparison.png
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3.8.3. Satellite based surface temperature

Degrees Kelvin

192.0 224.0

Ref.: The Atmospheric Infrared Sounder (AIRS) instrument aboard NASA’s Aqua satellite senses temperature using
infrared wavelengths. This image shows temperature of the Earth’s surface or clouds covering it for the month of
April 2003. The scale ranges from -81°C in black/blue to 47°C in red. (Image: © AIRS Science Team, NASA/JPL)
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3. Resources

3.8.4. Global average annual temperature development
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Ref.: Holland, G., Gilfillan, S. (2013). Application of Noble Gases to the Viability of CO2 Storage. In: Burnard, P. (eds) The Noble Gases as

Geochemical Tracers. Advances in Isotope Geochemistry. Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-28836-4 8.
https://www.meteoschweiz.admin.ch
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3. Resources

3.8.5. Local warming during the last 50 years

+4°C
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2011-2021 average vs 1956-1976 baseline (°C)
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NASA'’s Scientific Visualization Studio, Key and Title by uploader (Eric Fisk) -
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https://data.giss.nasa.gov/gistemp/maps/index_v4.html

3.8.6. 1968 to 1996 January mean surface air temperature [°C]

This map shows the mean surface air temperature (2 meters above the surface) over the
Arctic in January, from NCEP/NCAR Reanalysis data from 1968 to 1996.

Ref.: United States National Oceanic and Atmospheric Administration (NOAA) and User:StephenHudson - Produced at
http://www.cdc.noaa.gov/cgi-bin/DataMenus.pl?dataset=NCEP Modified by User: Stephen Hudson to improve
readability.
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3.9. Sea level rise

1+ Post-Glacial o amdmeanma g
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Ref.: Fleming, Kevin, Paul Johnston, Dan Zwartz, Yusuke Yokoyama, Kurt Lambeck, and John Chappell (1998). "Refining
the eustatic sea-level curve since the Last Glacial Maximum using far- and intermediate-field sites". Earth and Planetary
Science Letters 163 (1-4): 327-342. d0i:10.1016/S0012-821X(98)00198-8
https://en.m.wikipedia.org/wiki/File:Post-Glacial_Sea_Level.png
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3.9.1. Tidal range

Tidal range is up to 10 m at the coast

GOT99.2 NASA/GSFC
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Ref.: https://en.wikipedia.org/wiki/Tidal_range
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3.9.2. Recent global average sea level rise

254 Global average oo
sea level rise 0
Satellite
127 .
Tide gauges
0 Oll
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Ref.: "Climate Change Indicators: Sea Level / Figure 1. Absolute Sea Level Change". EPA.gov. U.S. Environmental
Protection Agency (EPA). July 2022. Archived from the original on 4 September 2023. Data sources: CSIRO, 2017. NOAA,
2022.
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3. Resources

3.9.3. Ice melting and sea level rise
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Earth lost 28:10%2 t of ice between 1994 and 2017, with melting grounded ice (ice sheets
and glaciers) raising the global sea level by 34.6 ==3.1mm. The rate of ice loss has risen by
57% since the 1990s — from 0.8 to 1.2:10%? t per year.

Ref.: Slater, Thomas; Lawrence, Isobel R.; Otosaka, Inés N.; Shepherd, Andrew; et al. (25 January 2021). "Review
article: Earth's ice imbalance". The Cryosphere. 15 (1): 233—246. Bibcode:2021TCry...15..233S. d0i:10.5194/tc-15-233-
2021. ISSN 1994-0416. Abstract; Fig. 4.
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3.9.4. Global snow cover and sea ice cycle at both poles
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Ref.: https://svs.gsfc.nasa.gov/4995/; https://climateataglance.com/climate-at-a-glance-polar-bears-and-climate/



3. Resources

3.9.5. Glaciers growth and retraction
0
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Ref.: Engel, M., 2018. Paleoclimate Relevance to Global Warming. Reference Module in Earth Systems
and Environmental Sciences. Elsevier, doi: 10.1016/B978-0-12-409548-9.11264-3.
Michael Sigl, Nerilie J. Abram, Jacopo Gabrieli, Theo M. Jenk, Dimitri Osmont, Margit Schwikowski, “No role for

industrial black carbon in forcing 19t century glacier retreat in the Alps”, journal The Cryosphere (2018).
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3. Resources

3.10. Environmental damages

in Switzerland

Unwetterschaden in der Schweiz 2019
Rutschungen, Murgiinge, Hochwasser und Sturzereignisse

Katharina Liechti, Alexandre Badoux, Nerina Andees
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Bild 1: Jahrliche Schadenssummen der verschiedenen Prozesse fir die
Periode 1972-2019 (teuerungsbereinigt, Basis 2019).

Global damage costs from natural disasters, All natural disasters, 1980 to
2019

Total economic cost of damages as a result of global natural deasters in any given year, measured in current USS. Includes
those from drought, ficods, axtreme weather, axtreme lemperature, landslides, dry mass mavements, wildfives, volcanic
activity andt earthquakes.
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3. Resources

3.10.1. Hurricanes
12

~ Total hurricanes (adjusted)
10 ~ Total hurricanes (unadjusted)
— Hurricanes reaching the United States

Number of hurricanes
(=)
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Ref.: NOAA (National Oceanic and Atmospheric Administration). (2023). North Atlantic hurricane basin (1851-2022):
Comparison of original and revised HURDAT. www.aoml.noaa.gov/hrd/hurdat/comparison_table.html

Vecchi, G. A, & Knutson, T. R. (2011). Estimating annual numbers of Atlantic hurricanes missing from the HURDAT
database (1878-1965) using ship track density. Journal of Climate, 24(6), 1736—1746.
https://doi.org/10.1175/2010JCLI3810.1
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3. Resources

of events.
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Ref.: Data source

OurWorldinData.

1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 2018 2021 2024

: EM-DAT, CRED / UCLouvain (2024) - Learn more about this data
Note: Data includes disasters recorded up to April 2024,

org/natural-disasters | CC BY

3.10.2. Global reported natural disasters by type, 1970 to 2024

The global reported natural disaster events in any given year. Note that this largely
reflects increases in data reporting, and should not be used to assess the total number

B Drought

W Flood

W Earthquake

B Extreme weather

B Extreme temperature

B Volcanic activity

W Wildfire

W Glacial lake outburst flood
B Dry mass movement

B Wet mass movement
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3.11. Global annual solar irradiation intensity

SOLAR RESOURCE MAP

GLOBAL HORIZONTAL IRRADIATION (@) worLosankroup ESMAP

3. Resources
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Source: https://solargis.com/maps-and-gis-data/download/world
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3.11.1. Sun shine hours in Europe -

Anomalies [hours] of European mean sunshine duration, with referernce to 1983-2012
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more than 10% increase
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[

C’ Copernicus Olmate Change Service

Ewopean State of the Omate | 2019

Annual average anomalies of sunshine duration (in hours) over Europe for 1983-2019 compared to the 1983-2012
reference period. For Europe, the geographical area is used as in the figure below. Data source: EUMETSAT CM SAF
sunshine duration climate data record. Credit: Copernicus Climate Change Service (C3S)/EUMETSAT CM SAF/DWD.

Ref.: https://www.sciencenews.org/article/heat-record-june-july-water-climate
https://climate.copernicus.eu/ESOTC/2019/sunshine-duration-and-clouds
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1980 2000 2020

vieljahriger Mittelwert (1961 - 1990): 15440 h
knearer Trond (1951 - 2023): +1685 h

https://www.klimareporter.de/deutschla
nd/deutschland-ueber-der-zwei-grad-

Wild et al., 2005) (see the longest
available SSR series of Stockholm,

Johan Lindahl, Cristina Stoltz, “National
Survey Report of PV Power Applications
in Sweden 2017”, Report (),
https://www.researchgate.net/publicatio
n/328197766; IEA PVPS Task1: Strategic
PV Analysis & Outreach
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3. Resources

TSI, W/m?

3.11.3. Total solar irradiation (TSI)
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Ref.: A new approach to long-term reconstruction of
the solar irradiance leads to large historical solar
forcing
(http://arxiv.org/PS_cache/arxiv/pdf/1102/1102.476
3v1.pdf)
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3.12. INTERPRETATION: Beginning of the climate crisis

DER PIRGEL DER SPIEGEL

" GELD
'l

WERTANLAGE

Creoor-Loch, Pol-Bchmales. Tradnhans-Bffakt: Parscher warnen

DIE KLIMA-KATASTROPHE

Das 1,5-Grad-Ziel wird verfehit - wie Deutschiand sich jetzt wappnet

Ref.: 10.08.1986, 13.00 Uhr ® aus Ref.: 04.11.2022, 13.00 Uhr * aus
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https://www.spiegel.de/spiegel/print/index-1986-33.html
https://www.spiegel.de/spiegel/print/index-2022-45.html

3.12.1. Observations 1/2
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CO, concentration increasing proportional to
the cumulated CO, emissions.
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3.12.3. CO, and climate change

“On the Influence of Carbonic Acid in the
Air upon the Temperature of the Ground”

Philosophical Magazine 41, (1896), pp. 237-276

+5°C = 2°C

Svante Arrhenius (1859-1927)

Arrhenius’s paper is the first to quantify the contribution of
carbon dioxide to the greenhouse effect (Sections I-IV) and
to speculate about whether variations in the atmospheric
concentration of carbon dioxide have contributed to long-
term variations in climate (Section V). Throughout this
paper, Arrhenius refers to carbon dioxide as “carbonic acid”
in accordance with the convention at the time he was
writing.

Contrary to some misunderstandings, Arrhenius does not
explicitly suggest in this paper that the burning of fossil
fuels will cause global warming, though it is clear that he is
aware that fossil fuels are a potentially significant source of
carbon dioxide (page 270), and he does explicitly suggest
this outcome in later work.

THE

LONDON, EDINBURGH, axp DUBLIN

PHILOSOPHICAL MAGAZINE

AND
JOURNAL OF SCIENCE.

FIFTH SERIES.)
AP RIL 18%.

XXXL On th I,_."uu:.- of Carbowe Acid in the Air npon
the Temperature of the Ground. By Prof. Svaste
ARRHENIUS *,

I. Introduction : Observations of Langley on
Atn »,.l./.fr.'.-.r/ Abs nr/-{l-nn.

\ GREAT deal has been written on the influence of
L the abs tion of the atm "i'!' ‘re  upon the climate.
in |»|H. alar has jro ntel out the enormous im-
portance ol this question. To him it was hiefly the diurnal

and innaal variations of the l"‘“l" rature that were lessened by

l»\nh.i t

this circumstance. Another side of rh-wlllv stion, that has ]ull;_’
ittracted the attention of physicists, is this: Is the mean
temperature of the ground in any way influenced by the
presence of heat-absorbing gases inthe .x:l;l<)~i'lll'r-' * Fourier?
maintained that the ;utn‘.n-i-‘.v:-
house, because it lets through the lizht ravs of the sun but
retains the dark ravs from the ground. This idea was
elaborated |;'\ l"':xili;-l; : and L
researches led to the view, tha

+ acts like the ;_‘:.n- of a hot-

4'._"-_\ was by some of his
t * the l-‘xnp«-'r.s!nr-- of the
earth under direct sunshine, even though our atmosphere
were present as now, would ;v'uluiu_\ fall to =200° C,, of
that :l!um-l-lwrc did not possess the quality of selective

* Extract from a paper presented to the R wal Swedish Academy of
Sciences, 1 1th Docember, 15805, Communicated by the Author ’

t * Heat a Mode of Motion,” 20d o p AN Load., 1863)

I Mém. delAde. R d. Sci. de ['Inst. de France, t. vii. 1837,

§ Comptles rendus, t. vil. p. 41 (1533,

Phil, Mag. 8. 5. Vol. 41. No. 251. April 1896, 8
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3.12.4. Solar irradiation and absorption b
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https://compass.astm.org/download/G173.37383.pdf
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3. Resources

.2

3.12.5. Radiation transmission

Radiation Transmitted by the Atmosphere
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o wease global average temperature jy § tagy g

Step 1: Measure temperature
above land and the ocean in
THOUSANDS of places around
the world.
Step 2: Subtract the
temperature you measure at
each location from the usval 4
temperature on that day. .
ST 32F-295F=25F
Step 3: Repeat steps 1 and 2 for each
day of the year.
Step 4: Pivide the planet intoa
arid of 2592 squares. Calculate
the average temperature
anomaly for each square.
At the end of the year you will have: m 4
2,592 locations in the grid
x 365 daily temperatures
946,080 temperature anomalies
Step 5: Take the average of all
3 ] temperature anomalies from
H KT all over the world. Compare
£ l ‘ “ ” this with other years.
s 0 ”Il”l||| IIIH By Una Garclines at the UDCAR Center for Science Education

1990

(scled ucar edul. These steps are based on NOAAS method
of calaudating globul average surface temperature

1980 2000 2010
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3.12.6. Radiation absorption and reflection
Global Energy Flows W m™

102\ Reflected Solar 341 Incoming 239 [Outgoing
Radiation Solar Longwave
101.9Wm? Radiation Radiation

41.3Wm? 2385Wm?

3. Resources

Reflected by
Clouds and

161
Absorbed by Thermals Evapo Surface

17 B8O
Radiation Abxorln‘dby

Surface transpiration
SU".\«I‘

Net absorbed
0.9
Wm

The global annual mean energy budget of Earth’s climate system

Ref.: Trenberth KE, Fasullo JT, "Tracking earth’s energy: from El Nino to global warming". Surv. Geophys. 33 (2012), pp
413 -426. doi:10.1007/s10712-011-9150-2 and Trenberth, K.E., Fasullo, J.T., Kiehl, J., 2009, Earth’s global energy
budget, Bulletin of the American Meteorological Society, 90, 311-324, doi.org/10.1175/200BAMS2634.1.
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S=1367 W-m

3.12.7. Radiation equilibrium

3. Resources

n S/4

—
03
1

Intensity [W m™ nm'1]
o

O
ik

0.0
0 S
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3.12.8. Radiative forcing

400 ppm
280 ppm A =120 ppm
~
o 20 " S R .
= : :
= : :
~— o :
o 10F 3
= 3 3]
o : — 3
o) s ’ )
- O F /'79Wm2 3
() E / 3
= E 3
+— C 3
o —-10F J E
O C 3
O :/' b
= -
7 J— 4
o —20 5
O -
L :
Ref.: Trenberth KE, Fasullo o -30 <
JT, "Tracking earth’s e 3
energy: from El Nino to S g
global warming". Surv. 2 —-40 . PSS E— M B
Geophys. 33 (2012), pp 413 0 500 1000 1500 2000

- 426. d0i:10.1007/s10712-
011-9150-2 CO, (ppmv)

Instantaneous Radiative Forcing of CO, (relative to the present-day concentration) as a function of volume mixing
ratio. The red curve is for the whole infrared region, 0-3000cm~1. The blue curve covers only the spectral region
550-800cm™ (i.e. the 15um band).
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°C

3.12.9. Radiative forcing and temperature AT = 0.315——;- AF
8 2.5
7 The radiative forcing
corresponds to 20% of )
6 the solar irradiation
5 increase.
1.5
E 4
E 3 1
=g S O G . )
= | 0.5 :
« 1
g B
I S R 4 SES— 0
8 -1
-3 =10
gas '1
-4
-5 -1.5

0 100 200 300 400 500 600 700 800 900 1000
c(CO,) [ppm]

Ref.: http://www.globalwarmingequation.info/global%20warming%20eqn.pdf and Myhre, G., Highwood, E.J.,
Shine, K.P., and Stordal, F. “New estimates of radiative forcing due to well mixed greenhouse gases.” Geophys.
Res. Lett. 25 (1998): 2715- 2718.
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800'000 years

3.12.10. Historical temperature & CO, concentration

— 400
solar irradiation = AT = 12°C — Ac(CO,) = 120 ppm Current ‘:*_
A\ w' %;. =350
PIis . fol
' { [ 300
CO2 concentration, ppmv i
— 250
— 200
4 ] and
0 | Antarctic temperature, °C 150
s r\j\//\ /\
o8

-12 —
I ' l ' I
800,000 600,000 400,000 200,000 0

Years before present

Ref.: J. Jouzel et al., "Orbital and Millennial Antarctic Climate Variability over the Past 800,000 Years",
Science 317:5839 (2007), pp. 793-796; Dieter Lithi et al., "High-resolution carbon dioxide '
concentration record 650,000-800,000 years before present", Nature 453,(2008), pp. 379 — 382 Thomas F. Stocker
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3.13. Global temperature Anomaly

B ELNifio months 1] ENSO neutral months [ La Nifia months

s v i ‘ll“

q llﬂ

-04 T T T T T T T
1950 1960 1970 1980 1990 2000 2010 2020
Year

Global temperature anomaly (° C)

Anomalies [hours] of European mean sunshine duration, with referernce to 1983-2012

Annual average anomalies of sunshine

duration (in hours) over Europe for 1983- =

2019 compared to the 1983-2012 S

reference period. For Europe, the I I III I I I
. . . . - -

geographical area is used as in the figure I
below. Data source: EUMETSAT CM SAF . I I I
sunshine duration climate data record. '

1

hours

Credit: Copernicus Climate Change 8 -
Service (C3S)/EUMETSAT CM SAF/DWD.

sun Shine hours Correlate With 1983 1986 1989 1992 1995 1988 2001 2004 2007 2010 2013 2016 2019
temperature

Ref.: https://www.sciencenews.org/article/heat-record-june-july-water-climate
https://climate.copernicus.eu/ESOTC/2019/sunshine-duration-and-clouds
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3. Resources

3.13.1. Total solar irradiance on northern hemisphere
1850 - 2020
1365 I(a) Total Solar Irradiance (TSI) vs. Arctic Circle 1 a0 +2 W-m2, +2°C
o ' (")
§ 1364 30 ‘-:‘;
g 1363 20 § &
g:g1362 o -0
= S 1361 Cog §
3
o 1359 7 102 %
o 1358 L/ 2.0 ,‘.'g
1357 3.0
1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
* : 1850 - 2020
. 1365 (b) Total Solar Irradiance (TSI) vs. N. Hemisphere composite - 2 Wem? , 41.2°C
S 1364 15 >£
g 1363 ' ; 10 § §
g«?ssz & o
= 05 &8
= §1361 , 3 2:
5 <1360 7D 00 £8
2 1359 S M os B
5 1358 /' T3
1357 1.0
1800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
==TS| —<—Unsmoothed =-——Smoothed
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3.13.2. Average annual temperature vs. horizontal irradiation

30

25

20

15

10

Avg. annual temperature [°C]

without altitude correction
in selected countries

mell

10% increase of the sunshine - +
hours (+11 W-m™2) lead to a +
temperature increase of
approximately 1.4°C,

Slope (dT/dl) = 15.02 [°C/(1000kWh-m2-a1)] = 0.13 [°C/(1W-m2)]
Intercept: -6.45°C

500 1000 1500 2000 2500 3000
Global horizontal irradiation [kWh-m2-a1]

Source: https://solargis.com/maps-and-gis-data/download/world
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3. Resources

3.13.3. Temperature in Switzerland

Deviazioni della temperatura (°C)

|

+2

+1,3

+0,8

— +0,4

1910

1940

0 A A A NI

AR

1970 —_—
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L[4 R CIRIE A AT

LGHARERAT 110

2018 m—

Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.

<82 MW 44-07 29-66 [ 105-141
Degrees Celsius o 61.45  -06-28 I 67-104 [ >142

3
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3.14. Greenhouse gas model

30% S/4
(0]
100% o o T4
a,-S/4 ty o T
T o
g — Atmosphere Q
aa‘.G.TS4
o T2
t,-S/4 c'(Ts-Ta)
479 3ty S/4 G- Tg*
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3.14.1. Detailed greenhouse gas model
The World in Global Climate Models

Mid-1970s Mid-1980s

3. Resources

ivers Overturning———F
ok ek Interactive Vegetation

lllustration of increasing complexity and diversity of elements incorporated into common models used in the Intergovernmental Panel on Climate
Change (IPCC) process over the decades. Evolution of the resolution (left side) and physical complexity (right side) of climate models used to inform
IPCC reports from the mid-1970s to the most recent IPCC report (IPCC, 2007a,b,c). The illustrations (left) are representative of the most detailed
horizontal resolution used for short-term climate simulations. SOURCES: Figure 1.2 and 1.4 from IPCC (2007c). FAR, First Assessment Report, 1990;
SAR, Second Assessment Report, 1995; TAR, Third Assessment Report, 2001; AR4, Fourth Assessment Report, 2007.

Berend Smit et al., "Introduction to Carbon Capture and sequestration”, The Berkley Lectures on Energy — Vol. 1, (2014), Imperial College Press.
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3.14.2. Temperature on earth without atmosphere

Stefan-Boltzmann with an Albedo of 0.3
(30% of the incoming Intensity is

reflected
P = AoT*
(L = @3 ——: = G
‘ro7p
R s
\f 4-0-A 5
Solar constant: S = 1369 W/m
ST irradiates T-R2 and is distributed on
T - | - = 2549K = -18°C  4-T-R?

l . :
N 4-5.67 10°° W-m™2.K™*

Temperature on earth without an atmosphere.
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3.14.3. Radiative forcing of greenhouse gases

The total global warming of all of the greenhouse gases (GHG) of 324 W m2 causes
a temperature increase of 33°C from -18 °C (255K), the earth’s temperature with no
GHG, to the current average temperature of +15°C (288K)

Therefore, the temperature increase by radiative forcing is

33°C/324 W-m2=0.10 °C/W-m2

Table 1. This table shows the individual and total RF of all GHG except water vapor in
2005. Because the total is only 3.4% of the total RF of 324 W m2, water vapor accounts

for the remainder of approximately 96%.

1750 " RF 2005 % of 324

Carbon dioxide 7.01 1.66 8.67 2.7
Methane 0.57 0.48 1.05 0.3
Nitrous oxide 0.58 0.16 0.74 0.2
Halocarbons 0.0 0.34* 0.34 0.1
Ozone - 0.30* 0.30 0.1
Total 11.10 34

Ref.: UNEP (2005) Global surface temperature. United Nations Environment Programme,

Vital Climate Graphics, Trend in global average surface temperature. Available at:
http://www.grida.no/publications/vg/climate/page/3070.aspx.

Lightfoot, H. D., & Mamer, O. A. (2014). "Calculation of Atmospheric Radiative Forcing (Warming Effect) of Carbon
Dioxide at Any Concentration.” Energy & Environment, 25(8), 1439-1454,
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3.14.4. CO, Concentration and temperature

before 1850

780'000 ppm N,
210'000 ppm O,
3900 ppm H,0 +210 ppm +0.5°C
280 ppm CO, +120 ppm +0.3°C
<1ppm CH, +1 ppm
4181 ppm GHG +331 ppm
AT = +33°C AT = +33.8°C

Ref.: Thomas F. Stocker, Uni Bern

3900 ppm H,0 lead to +31°C, then 4110 ppm H,O lead to +31.5°C.
280 ppm CO, lead to +2°C, then 400 ppm CO, lead to +2.3°C.
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3.14.5. Relative temperature change

Contributions to observed surface temperature change over the period 1951-2010

1 1 1 1 1

OBSERVED WARMING

Greenhouse gases

T T T 1 T T T T T T 1

|

CO,, H,0, CH,

Combined anthropogenic forcings

1 | 1 L 1 |

: Other anthropogenic forcings

|——| Natural forcings

(solar irradiation)
|'——| Natural internal variability

1 1 1 1 | 1 1 1 L | L 1

1

temperature vs. radiation:

0.0 0.5 1.0
(°C)

0.13°C /(W-m-2)

Radiative forcing: 120 ppm CO, — +2.0 W-m2(+0.27°C/W-m~2)

TSI: +3 W-m-2 change since
Solar irradiation = +10 W-

1850 (+0.38°C/W-m-2)
m2(+1.3°C/W-m2)

Ref.: Climate Change 2014 Synthesis Report, Summary for Policymakers Chapter,
https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_ARS5_FINAL_full_wcover.pdf
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3.14.6. Calculated warming vs. cumulative CO, emission

c(CO,) [ppm]

290 430 570 710 850
3.5
3 2073
« —
2.5 B L
_e=” “radiative forcing
2 2047 _ -~ 1.65 c
‘ P AT =2.85-1n (=)
o 10 Gt C/ year /,/’u 0
— 1.5 +2% / year // < Co = 286 ppm
< 2020 _-~
@ -~ exp growth of
ot CO, emissions proven
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fossil fuels
Illl
225 450

0 500 1000 1500 2000

Cumulative CO, emission [Gt C]

Ref.: http://www.globalwarmingequation.info/global%20warming%20eqn.pdf and Ollila, A. (2014), “The potency of
carbon dioxide (CO2) as a greenhouse gas”, Development in Earth Science, Vol. 2, pp. 20-30, available at:
www.seipub.org/des/paperinfo.aspx?ID=17162
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41 3.14.7. Warming vs. cumulative CO, emission
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Ref.: Climate Change 2014 Synthesis Report, Summary for Policymakers Chapter,
https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_ARS5_FINAL_full_wcover.pdf
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» | 3.14.8. Global surface temperature models
o Newest IPCC Climate Models Vs. Climate Reality
8 Similar to older models, the ballyhooed CIMP5 versions fail also
(7)) 4.5 T T T T T T T BAU
) _ ——RCP 2.6 , :
o X. 4 —RCP45 ! -
: b e RCP 6.0 - ‘Business As Usual’ (BAU1) ! '
o ® 35} . . - 1
— . v RCP 8.5 - ‘Business As Usual’ (BAU2) I
. . 1 4
- ~——— Historical '
© 3r . ' 7
2 —— Observations - Global Temps ! wvrl o o
o 25¢ - '
o 20 models
T 2 0
- » 1.8°C
—
g 19 — 1.3°C
s
()
()
S (0 JE5 ) O S |
© |
) 0 Actual temp is well below afllmodel predictions -
Q. % 1
E I 1
2 -0.5} i -
| I ; i i . L ) max. 1750 Gt C cum. emission
1960 1980 2000 20122020 2040 2060 2080 2100  max. 900 ppm
RCP-Szenarien fiir den 5. IPCC-Sachstandsbericht
Bezeichnung RCPS8.5 RCP6.0 RCP4.5 RCP2.6
Treibhausgaskonzentration | 1370 ppm 850 ppm 650 ppm 400 ppm
im Jahre 2100 COz-4q COz-4q COz-4q COz-iq
Strahlungsantrieb 8,5 Wm?* 6,0 Wm?* 45 Wm* 2,6 Wm*
1850-2100
Einstufung sehr hoch hoch mittel sehr niedrig
Ref.: https://www.c3headlines.com/climate-models/ Rcp-szenarien fir den 5. IPCC-Sachstandsbericht
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3.15. Challenging the scientific basis

Purpose — The purpose of this paper is to analyze the scientific basis of the Paris climate agreement.
Design/methodology/approach — The analyses are based on the IPCC’s own reports, the observed
temperatures versus the IPCC model-calculated temperatures and the warming effects of greenhouse
gases based on the critical studies of climate sensitivity (CS).

Findings — The future emission and temperature trends are calculated according to a baseline
scenario by the IPCC, which is the worst-case scenario RCP8.5. The selection of RCP8.5 can be
criticized because the present CO, growth rate 2.2 ppmy* should be 2.8 times greater, meaning a CO,
increase from 402 to 936 ppm. The emission target scenario of COP21 is 40 Gt CO, equivalent, and
the results of this study confirm that the temperature increase stays below 2°C by 2100 per the IPCC
calculations. The IPCC-calculated temperature for 2016 is 1.27°C, 49% higher than the observed
average of 0.85°C in 2000.

Originality/value — Two explanations have been identified for this significant difference in the IPCC’s
calculations: The model is too sensitive for CO, increase, and the positive water feedback does not
exist. The CS of 0.6°C found in some critical research studies means that the temperature increase
would stay below the 2°C target, even though the emissions would follow the baseline scenario. This
is highly unlikely because the estimated conventional oil and gas reserves would be exhausted around
the 2060s if the present consumption rate continues.

Ref.: Antero OLLILA, “Challenging the scientific basis of the Paris climate agreement”, Int. J. of Climate change
strategies and Management 11:1 (2019), pp. 18-34

ChE 414 Thermodynamics of energy conversion



3.15.1. Global mean surface temperature

2.0
- Anthropogenic and natural forcings
Greenhouse gases
1.5 7 — Aerosols
— Natural forcings
1.0 -| = HadCRUT4
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-1.0 I | | | I I
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| I
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Ref.: Gillett, N.P.,, Kirchmeier-Young, M., Ribes, A. et al. “Constraining human contributions to observed warming
since the pre-industrial period.” Nature Climate Change (2021). https://doi.org/10.1038/s41558-020-00965-9
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3.15.2. Estimated global temperature increase

5.0
4.5 A
4.0
3.
3.0 ’
2.5 o)
2.0 e &) o
e« ¢ . y o
15 4---¥ s ®
1.0 fe]
0.5
0.0
Chamey Aldrin et al Ring et al Lewis 2013 Ottoet al Masters Loehle Skeie et al Johannsen Lewis& Bates2016 Christy & Lewis&
1979 2012 2012 2013 2013 2014 2014 et al 2015 Curry 2015 McNider Curry 2018
2017

Nicholas Lewis, Judith Curry, "The impact of recent forcing and ocean heat uptake data on estimates of climate sensitivity", 2018
American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the
AMS Copyright Policy (www.ametsoc.org/PUBSReuseLicenses). DOI: 10.1175/JCLI-D-17-0667.1

John S. Perry, National Research Council, Executive Secretary Robert S. Chen, National Academy of Sciences, Resident Fellow,

"Carbon Dioxide and Climate: A Scientific Assessment", NATIONAL ACADEMY OF SCIENCES Washington, D.C. 1979
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3.15.3. New estimated global surface temperature

Change in average global temperatﬂre relative to 1850-1900,
showing observed temperatures and future simulations

5C

Future with intensive _
4C fossil fuel use \
Different
3C possible
scenarios
2C
Observed temperatures :
1C A
Future basegl
on sustainabilit
0c T L __ _ _ _ _onsustainabili Y _.
‘1 C | | | |
1950 2000 2050 2100

Note: Each line shows the average temperature rise for a scenario

Source: IPCC, 2021: Summary for Policymakers B|B|C]
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3.15.4. Origin of temperature increase

3. Resources

0.4
i Northern Ref.:). Beer, W. Mende, R. Stellmacher, "The role of
" Hemisphere the sun in climate forcing", Quaternary Science
02 - P Reviews 19 (2000), pp. 403-415
© oL
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< L
02 |
04 [
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_0.6 -lllllllAllllllllllllllJLlllnA
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Year

Total estimated sources do
.30 - nhot match total estimated .

sinks. This imbalance reflects sinks
-40 the gap in our understanding.
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Ref.: Global Carbon Project, Data: CDIAC/GCP/NOAA-ESRL/UNFCC/BP/USGS
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3. Resources
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3.16. Global temperature distribution
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3.16.1. Annual average temperatures in Europe [°C]
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3.16.2. Population vs. average temperature (+1.5°C)
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Ref.: ourworldindata.org
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3.16.3. Weekly all-cause mortality for the European countries

- Pooled deaths Normal range ---- Baseline ---- Substantial increase Corrected for delay in registration

All ages

A blue zone is a region in the world where

Loma Linda Sarg'g'a people are claimed to have exceptionally
2 2 lcaria 9 long lives beyond the age of 80 due to a
Nicoya Okinawa lifestyle combining physical activity, low

stress, rich social interactions, a local
whole-foods diet, and low disease
incidence.

and comfortable warm climate

Ref.: https://www.euromomo.eu/bulletins/2024-14
https://www.news-medical.net/health/Unlocking-the-Secrets-of-Blue-Zones-A-Blueprint-for-Longevity-and-Health.aspx
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3.16.4. Consequences of climate change in Switzerland

+ Drought Heat waves -
significantly ‘ more frequent
drier summers more intense

since 1981 since 1901

Heavy precipitation
@8  12% more intense

26 % more frequent
since 1901

Winter precipitation t

4 o
S d
now days ‘*O**

Cold +
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'*Yl' since 1961
=98
A
_ Zero-degree line
E +300-400 m +
since 1961

Growing season Glacier volume
+ 2-4 weeks since 1961 ~65 % since 1850
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Ref.: https://www.meteoswiss.admin.ch/climate/climate-change.html

[2.6-3,3°C]

-50 % below 800 m

+ -20 % around 2000 m
since 1970
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3. Resources

Monthly Temperature in Bern
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Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553

3.16.5. Annual average temperature
|

Monthly Temperature in Lausanne
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e N
wm o
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[
o

Ref.: https://www.weather-atlas.com/en/switzerland/zurich-climate & weatherbase.com
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3.16.6. The skeptical environmentalist

FA s E ’ “K . 2 | ; % .
L Bjorn Lomborg W L -
A L A R M Bjorn Lomborg is the best-selling author of

The Skeptical Environmentalist and Cool It. He is

HOW CLIMATE CHANGE a visiting professor at Copenhagen Business

School and at the Hoover Institution at Stanford.
PANIC COSTS US TR"-LIUNS, His work appears regularly in New York Times,
HURTS THE PUUR, AND Wall Street Journal, the Economist, the Atlantic,
and Forbes. His monthly column appears in

FAILS TO FIX THE PLANET around 40 papers in 19 languages, with more

than 30 million readers.

BJORN LOMBORG In 2011 and 2012, Lomborg was named Top 100

Global Thinker by Foreign Policy. In 2008 he was

named "one of the 50 people who could save
Ref.: https://de.wikipedia.org/wiki/Bjgrn_Lomborg the planet” by the Guardian_ He ||Ves in Prague
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3.16.7. Climate Economics

CLIMATE
ECONOMICS

Economic Analysis of Climate,

EE

Climate Change and Climate Policy

Richard S.J. Tol

Richard S. J. TOL

Richard S. J. Tol is a Senior Research Officer at
the Economic and Social Research Institute,
Dublin; a Principal Researcher at the Institute for
Environmental Studies, Vrije Universiteit,
Amsterdam; and an Adjunct Professor at the
Department of Engineering and Public Policy,
Carnegie Mellon University, Pittsburgh. The
70th-most prolific economist, Dr. Tol has 105
publications in learned journals and many other
ones. An economist and statistician, he is
interested in climate change, natural disasters,
marine resources, tourism, land use, and water
management. He is an editor of Energy
Economics.

Ref.: https://www.world-economics-journal.com/Authors/Richard-S-J-Tol.aspx?AlD=430
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3.16.8. Unsettled

Unsettled g

Steven Elliot KOONIN

Steven Elliot Koonin (born 12 Dec. 1951 in

P Brooklyn) is an American theoretical physicist

N who works on nuclear physics. In an article for

ﬁ the Wall Street Journal entitled Climate Science

Is Not Settled, Koonin wrote that current

WHAT CLIMATE SCIENCE knowledge is far from sufficient for a good
TELLS US, WHAT IT DOESN'T, climate policy (We are very far from the
2l DR h AL AU knowledge needed to make good climate policy).

He does not deny climate change as such or the

StCVCH E Koonin human influence (Climate change is real and

affected by human activity); however, he

FORMER UNDERSECRETARY FOR SCIENCE,

U.S. DEPARTMENT OF ENERGY considers the human influence on the climate to
UNDER THE OBAMA ADMINISTRATION . .
be small (human influences [...] are physically
small.

Ref.: https://www.world-economics-journal.com/Authors/Richard-S-J-Tol.aspx?AID=430
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3.16.9. The KAYA Identity

The Kaya identity was developed by Japanese energy economist Yoichi Kaya. It is the
subject of his book Environment, Energy, and Economy: strategies for sustainability co-
authored with Keiichi Yokobori as the output of the Conference on Global Environment,
Energy, and Economic Development (1993 : Tokyo, Japan). It is a mathematically more
consistent variation of Paul R. Ehrlich & John Holdren's I=PAT formula that describes the
factors of environmental impact.

GDP Erg Emi

- - Emi = Pop - : :
Pop GDP Erg

Pop: Population
GDP: Grand Domestic Product 100 kS/capita 1.6 kWh/S
Erg: Energy GDP/Pop [$/capita] ~ Erg/GDP [kWh/S]  Emi/Erg [g/kWh]
Emi: Emissions S o ~

Carbon:
GDP/Pop: Wealth L e . B¢ g”‘_
Erg/GDP: Efficiency : }ii;: =t // N?f;iear:
Emi/Erg: spec. Emission. ;== s O e Renewable:

Ref.: Kaya, Yoichi; Yokoburi, Keiichi (1997). Environment, energy, and economy : strategies for sustainability. Tokyo
[u.a.]: United Nations Univ. Press.
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3. Resources

3.16.10. What are the biggest threats to humanity?

. Nuclear war
. Bioengineered pandemic

; How likely are these
3. Superintelligence

4

5

catastrophes in 20197

1 .50/0 A severe pandemic
such as flu

O . 60/0 A nuclear war

0 . 60/ 0 Solar flare disrupting
electricity grids

0 . 00 1 0/ 0 Supervolcanic

eruption

. Nanotechnology
. Unknown unknowns

Climate change, no matter how scary, is unlikely to make
the entire planet uninhabitable (but it could compound
other threats if our defences to it break down). Meteors
could certainly wipe us out, but we would have to be very
unlucky. The average mammalian species survives for
about a million years. Hence, the background natural
extinction rate is roughly one in a million per year.

Source: WHO, The Good Judgement
Project, AER/Lioyd's of London, Royal
Meteorological Society

Ref.: The Conversation 29. May 2014

Top 5 Global Risks in Terms of Likelihood
2000 2010

B m of Assel price xice
1st K colapss (=5 ]
e - oo Chvonic fiscal Chronic fiscal
2nd pe ny (<6%) > mbalances imbalances
3rd Otl prce shock S Rsing greer Unemployment
Yas Q0s Senissions and
underemployment

ONOIMmic

ath China ec
hard landing

C = HON strucoural
Sth o 0 - \ uremnployment or
undereenployment

B tconomic I Environmental I Geopolitical I Socictal IR Technological Ref.: World Economic Forum
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3.16.11. Correlation is not causality

Switzerland
= SWeden
30+
r=0.791
§" -
Austria
3,; s Norway
: ,
2 S$= United Kingdom
=
S
i 15+
» United B B 'reland G
S ermany
s The Netherlands ™= States
5 —
- il
% Finland
— 5] Australia
Greece
Portugal Italy
Spain
o+ il
China
Ll L] L) 1 | Ll T Ll Ll 1 Ll Ll L) T 1
0 5 10 15
Chocolate Consumption (kg/yr/capita)

Ref.: Ashutosh Jogalekar, "Chocolate consumption and Nobel Prizes: A bizarre juxtaposition if there ever was one",
SCIENTIFIC AMERICAN, November 20, 2012
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3. Resources

3.16.12. The natural energy cycle e =.

ol &
a - Crude od
2 i
oil
91 steam End
anaerobe folia
7kWhikg BIOM process i =
ioNyears J
500 a0 500 950 %0

FOSSIL
UELS

-CH,-
13 kWhikg

| SRR S Y
$ ¢ & 3

SUN 85 Mio.

barrel/day 930 1940 1950 1940 1970 1980 1990 00 010 A0 2030
-c H OH - Propced Dacoveres

ENERGY

ey
" s+
Al
f=| afy ¥
) . “l‘ v
- ally
: afUv"*
ey UV
o Yy
3 ANV
T\ ¥
: =~ - MgV
=W !yy."
| LAY [es——
" YL Al S oo b v e &
i Al [VeY S bt - e
S| (WYY
6CO, + 6H,0 > v
2 2 ]
O e i e
-
100 —
COMBUSTION Jospel %
P
=75 .
2 o
2 - 0.4US$/kWh
2 5 ""” .
= Rt nie W 2k
: ol s 8 : auw
= ” . v N
] po,
8 <
g 25 ”
w Naoyra
f
gl
=
0 5000 100000 15000 20000 25000 300000  35'000

GDP [US$/capita]

Prof. Dr. Andreas ZUTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553 EPFL: ChE 414 Thermodynamics of energy conversion 4.3. 2025 118



3. Resources

3.16.13. World heritage of 20t Century
growing population: Products & Energy
growing energy demand ST p

L AW evrys o -

economic dependency

limited resources

mining mining
materials fossil fuels

nuclear waste
waste deposits
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EXERCISE

1) Calculate the oil price corresponding to the economic benefit of 1 kWh of energy.
2) Calculate how long (years) each resource lasts (based on current consumption)

3) Calculate the production of biomass in energy per surface area and time and
estimate the economic value.

4) Construct an enthalpy diagram for the oxidation of methane
(CH; + 2 O, = CO, + 2 H,0) and calculate the reaction enthalpy.

5) Estimate the temperature increase if all the fossil fuels are burned.



