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Renewable Energy

Prof. Sophia Haussener
MER Jan van Herle

Laboratory of Renewable Energy Sciences and Engineering



Administration

 Course:
— Tuesday: 2h lecture (10:15-12:00), CM15
— Responsible: Prof. Haussener, ME D0 2926,
MER van Herle, ME A2 392

* Exercise:
— Tuesday, 1h exercises (12:15-13:00), CM 1105
— Responsible part Haussener: Natalie Frassl and Guilherme Armas
* Remarks:
— Expected contributions from your side:
4 credits = 4x30 hours = 120 hours
14x3 hours lecture/exercise — 120-42 = 78 hours at home/library
= 5.5 hours/week at home/library
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Administration

* Exam: written at the end of the semester
closed books, only calculator and 10 A4 pages (single sided, or 5

pages double sided) personal summary can be used

* Course notes and exercises are online before the lecture (moodle.epfl.ch)

Please print them individually if you need a printout

* References (complementary):

— David McKay, Sustainable Energy — without the hot air, UIT
Cambridge (available on web)

— Kireith and Goswami, editors, Handbook of energy efficiency and
renewable energy, Taylor and Francis Group, 2007.
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Course structure

Qutline

1. Introduction to energy economy
2. Revisiting power cycles
3. Electrochemistry and batteries
4. Storage
5. Hydrogen
6. Solar:
- Solar thermal
- Solar electricity
- Solar fuels
7. Biomass:
- Biofuels
- Biomass to electricity
8. Wind
9. Geothermal
10. Hydro, ocean, tidal, wave
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Course structure

Lecture Tuesday Lecturer Exercise Tuesday
(10:15-12:00) (12:15-13:00)

Week 1 (17.2) Introduction SH Exercise 1
Week 2 (24.2) Power cycles, ORC, co-generation SH Exercise 2
Week 3 (3.3) Electrochemistry, batteries SP Exercise 3
Week 4 (10.3) Storage SP/SH Exercise 4
Week 5 (17.3) Hydrogen SH Exercise 5
Week 6 (24.3) Solar thermal SH Exercise 6
Week 7 (31.3) Solar electricity SH Exercise 7
Week 8 (14.4) Solar fuels SH Exercise 8
Week 9 (21.4) Biomass JVh Exercise 9
Week 10 (28.4) Biomass JVh Exercise 10
Week 11 (5.5) Wind JVh Exercise 11
Week 12 (12.5) Wind JVh Exercise 12
Week 13 (19.5) Geothermal JVh Exercise 13
Week 14 (26.5) Ocean, tidal and wave JVh Exercise 14

=PrL
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What you will learn in this course:

What is renewable energy?
What are it’s current/future contribution to energy supply?

For the different renewable energy sources:
— the potential: theoretical vs. realistic
— the essential physics and chemistry for conversion and storage
— approaches to «harness» them
— status of the technologies

— the most useful applications and complementarities

Renewable power plants you will know:
B-IGCC, PV, CSP, PEC, EGS, (u)CHP, ...
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Order of magnitude understanding

How much solar energy falls on 1 m? in 1 s on a nice sunny day at noon ?

O11]
O 10J

... and 1in winter, during any day, at any latitude?

=PrL
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Order of magnitude understanding

How much power can a water turbine develop from water flowing at 1 m3/s
and falling from 100 m high ?

O 10 kW
O 100 kW

... and how big a wind turbine must be to develop the same power from a
typical wind speed?

... (and what wind speed 1s ‘typical’?)
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Order of magnitude understanding

How much power is contained in an ocean wave (per m width), 1 m high, and
of wavelength 100 m ?

O 1kW/m
O 3kW/m
O 10kW/m
98 30 kW /m

... and 1ts difference to tidal power?
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Order of magnitude understanding

How deep do we have to drill the earth soil to find it hot at 300°C ?

O300m
O 1km

$3 10 km

... and then how can we convert this to electrical power ?
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... and furthermore:

is heat pumping from the soil renewable?

are bioethanol and biodiesel going to replace petrol?
what about the biomass-energy competition with food ?
can we go 100% renewable?

‘there 1s 10’000 times more solar energy around than what all humans
consume around the planet, no worries!’

it’s just of matter of cost?

But renewable energy is free fuel, isn’t it?

... or a matter of time, for fossil fuels to run out?
... or of progress 1n new technologies?

... or of political incentive and subsidies?
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What you are expected to know at the end

the real potential of the different renewable sources

use mass, momentum, and energy balance to estimate orders of magnitude
be able to easily grasp and switch between kWh, MJ, GW, Mtoe, TWh, ...
the right orders of magnitude (energy and power)

the technologies to harvest fossil and renewable energies

explain and calculate the main emission sources of energy conversion
processes

their best service in the energy supply spectrum
be able to solve the exercises
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Common energy units

« 10 mega M MJ MW  MWh
« 10° giga G GJ GW  GWh
e 1012 tera T TJ W TWh
e 101 peta P PJ

« 1018 exa E EJ

TWh  terawatthour = 10> Wh = 1000 GWh = 3.6 PJ (electricity)
GWh gigawatthour = 10° Wh = 3600 GJ (electricity)
Mtoe megatonne-oil-equivalent = 10° (kg) x 41.9 (MJ/kg) =41.9 PJ
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Examples of energy and power content

* Energy
— Daily need of an adult : 6-8 MJ
— 1 Liter of O1l : 36 MJ
— 100 km in a VWGolf : 230 MJ (6.41)

* Power
— Computer : 100 -200 W (J/s)
— Professional cyclist : 450 W
— Adult : 100 W
— 100 students : 15 kW
— Car engine : 75 kW (~100 hp)

=PrL
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From resources to products

The energy used is not the energy that is harvested

Energy resources (primary energy)
Non renewable (from a reservoir)

Renewable (capturing the sun energy and incorporating
into a system)

Energy services (final Energy)
Temperature 1n a room
Data from internet

Mobility
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Definitions

Primary energy consumption

Energy contained in raw fuels before the start of the
conversion chain.

Final (distributed) energy consumption

Energy received by consumers and businesses, not
including the energy losses in the conversion sector,
and from distribution. This indicator evaluates the
participation of each type of fuel (solid fuels, oil, gas,
renewables)
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Let’s enumerate all energy sources we know...

WIND WASTES
COAL
GAS
HYDRO SOLAR - DIRECT
TIDES
NUCLEAR GEOTHERMAL
OIL
SOLAR-P.V. WAVES SOLAR - THERMAL

...and see how we have been using these

=PrL
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Switzerland - Energy
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Where do we stand today? Switzerland

Schweizerische Gesamtenergiestatistik 2022
Bundesamt fiir Energie

Primary energy
1’013’200 TJ

2390

3870

Transformation

Final energy consumption
765’070 TJ

133310

106720

168770
252140

NS

120600

119220

-107040
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(27,6%)
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. Holz Kohle Abfalle

Bols Charnon Dachets
Kernbrennstoffe Fernwarme Elektrizitat
Combustibles nucléalres Chaleur 3 distance Electrictte

. Ronhol Erdoiprodukts Gas
Patrole brut Prodults petrollers Gaz
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Ubrige erneuarbars Energlen
Autres energles ranouvelables

Wasserkraft
Enargle hydraullgue

Industrle Raffinerlen
Industrie Raffineries

Verkenr Haushalte
Transport Ménages

Elgenverbrauch des Energlesektors und Verluste
Consommation propre du secteur energetique et pertes

Wasser- und Kernkraftwerke, diverse Erneuerbare
Centrales hydraullgues et nucléalres, autres renouvelables

Konventionell-thermlsche Kraft-, Fernhelz- und Fernhelzkraftwerke
Centrales thermiques class., chauffage a distance, centrales chaleur-force

%/ Dlenstielstungen Import
é Services G Importation

[

Lagerveranderungen
Varlatlons des stocks

W boration

Inlandproduktion
Proguction Indigene

Nicht energeatischer Verbrauch

Statlstlsche Differenz Inklusive Landwirtschaft
Différence statistique y compris I'agriculture

Consommation non énergatique
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Primar Energy - CH 2022

Bl Hydro
B Nuclear fuel

I Industrial waste

[ Gas

[ ICoal

[ IWood

[ Jimported electricity
[ |Other renewables

I Crude oil and oil products

Total: 1’025’380 TJ

=PrL
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0
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5%

<1%

10%

6%

36%
Other renewables: Solar, wind, biogas, biofules, environmental heat
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Final Energy - CH 2022

Bl Gas

Bl Heating Oil

I Kerosene

I Diesel

I Gasoline

I Electricity
[ICoal
[__JIndustrial waste
[ IWood

| IDistrict heat

[ ]Other renewables

Total: 765’070 TJ (74.6% of primary)

o
13% L

<1%

12%

27%

8%
rom renewable

es of which:

73 hydro, 11.4% solar,
4% waste, 2.1% biomass,

14% <1% wind

11%

Other renewables (4.2%): Solar (0.3%), environmental heat (2.7%), biofules (0.9%), biogas (0.2%)

=PrL

Energy per capita and year: 2.775 kW/cap
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End-use shares by application

6.3% of electricity used in transport
(mostly railway: 89%)

\ ELECTRICAL DRIVES

MOBILITY
I
f .
I \-\
| x
|
| Electricity
! 271% _-="
J : -7 Part of electricity (ca. 30%) used in heating:
: _-" 9 PJ for heat pumps
= and ~ 53 PJ for direct electric heating

(2/3 process heat and 1/3 space heat)
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End-use by application: detail

m Process heat

= Hot water - -

Space heating |
= Process drives |

=ICT ELECTRICAL
= ACV " DRIVES

m Light

m Others

= Mobility

=PrL
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Final energy use ...

* There are 5 energy end services:

— Space heat
— Sanitary hot water
— Process heat

— Electricity

20°C
40°C
>40°C

_ 114 Estimated industrial heat demands by quality for
MOblllty PJ EU25 + ACC4 + EFTA3 during 2003
2500
M High, over
2000 - 400°C
1500 -
O Medium,
] 100-400°C
1000 -
—
500 - O Low, below
— 100°C
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& & & Q«"f\ &S &
© o 3 S & N ~ &
& «© & W & > R
< e & & o B Q
<) . o)
& & @_\Q\o ©
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2ECOHEATCOOL, The European Heat Market, 2006
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... and primary energy supply

* Key is to supply these end services in the most meaningful ways,
considering:

— Temperature level

— Thermodynamics

— Conversion technology

— Scale of service / technology

— Efficiency

— Savings

— Emissions, pollution, impact,...
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Temporal evolution of final energy use

1 000 DD

|m

1910 1920 1930 1940 1950
. [brige erneuerbare Enargien Gas
Autres énergies renouvelables Gaz
Fermwarme . Treibstoffe
Chaleur a distance Carburants
Elaktrizitat . Erddlbrennstoffa
Electricité Combustibles pétroliers
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1990 2000

Industrieabfille
Déchets industriels
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Charbon

Holz
Bois

2010 2020
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The link with the PIB

Fig. 15 Zusammenhang zwischen Energieverbrauch und wirtschaftlicher Entwicklung (1950-2022)
Relation entre la consommation finale et I'evolution aconomique (1950-2022)
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BFE, Schweizerische Gesamtenergiestatistik 2022 (Fig. 15)
QFEN, Statistique globale suisse de 'dnergie 2022 (fig. 15)
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Switzerland - Electricity
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Temporal evolution of electricity production

Fig. ® Entwicklung der einzelnen Erzeugerkategorien seit 1950
Evolution des differentes catégories de production depuis 1950

GWh

___ Landesverbrauch
Consommation du pays

Speicherkraftwerke
Centrales 3 accumulation

Laufkraftwerke
Centrales au fil de I'eau

Kernkraftwerke
Centrales nucléaires

Konventionell-thermische und
erneuerbare Kraftwerke

Centrales thermiques classiques et
renouvelables

Nuclear: 36.4% n

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

BFE, 5chweizerische Elektrizitatsstatistik 2022 {Fig. 9)

OFEN, Statistique suisse de 'electricité 2022 (fig. 9) Conventional thermal and
new renewables: 10.8%
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Electricity balance: Production vs Consumption

Fig. 10 Monatliche Erzeugungsanteile und Landesverbrauch im Kalenderjahr 2022
Quotes-parts mensuelles et consommation du pays durant I'annee civile 2022
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renouvelables
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BFE. Schweizerische Elektrizitatsstatistik 2022 (Fig. 10)
OFEN, Statistigue suisse de I'électricite 2022 (fig. 10)
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Electricity production in Europe

Fig. 5 Produktionsstruktur einiger Lander 2021
Structure de production de divers pays 2021
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BFE, Schweizerische Elekirizitdtsstatistik 2022 (Fig. 5)
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Energy in Switzerland

The Swiss Energy .. www.bfe.admin.ch

SCHWEIZERISCHE
GESAMTENERGIE-
STATISTIK 2022

STATISTIQUE
GLOBALE SUISSE
DE LENERGIE 2022
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Global - Energy
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Where do we stand today? Global

1971 1975 13680 19685 1930 1% 2000 2005 2010 2015 2013

m CoaF Ol m Natural gas Muclear
M Hydro m Biofuels and waste © Other
Biofuels  Qther

2019: 606 EJ

86% Non-renewable
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The World Energy Balance

Petajoules ~
World (]e
BALANCE (2019) Stafistical differences Stock changes Statistical differences
Production and imports Total final consumption
(859 426 PY) > T > > o o> (417 939 RY)
Oil prod 293 104 284 240 ITTRUB  Refineries Industry
- . 234 957 228 129 Lt \ // 29%
N ()
il products imp \
Other transformation =5 ‘.
Coal prod  [JETTRTE] 203 193 197 420 4 Lt 146 611~y "Lm e
- ‘- _\‘ %
Gas prod EREERES 186 634 183 175 137 38 \
Gas imp 3\ ‘ o
LN 33
Bio/waste prod ! — V
Bioiwasts imp ‘ Serv1ces
Electricity imp — — — , ' \ hOUSGhOldS

Heat production

Geoth prod
Other prod
Hydro prod
Nuclear prod

=PrL

Non-energy us

9%

-

W A

Stock changes

Exports

Power station N

Power losses Own use Exports

72% of electricity is fossil based
52% losses in electricity generation
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Oil reserves

BP World energy statistics review 2021
Resarves-to-production (R/P) ratios

150 @ Maorth Amesica B Middie East 180
N 5. & Cent Americs [ Africa
B Europs Asl3 Pacsic
[ RS | Waid
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=0 —— il a0
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Glooal proved ol reservas wese 1732 billion bameds at the end of 2020, down 2 Dilion bermsts versus 2018, The giobal R/P ratio shows that ol resarves in 2020 accountsd
for over 50 years of curment production. OFEC holds 70.2% of giobal reserves. The top countries In tenms of reserves are Venazuels |17.5% of global resarves), closaly
tollowned Dy Saudl Arabia (17.2%) and Canada [9.7%)
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Gas reserves

BP World energy statistics review 2021

Reserves-to-production (R/P) ratios
Yaiars

2020 by region History
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\Worid proved gas reserves decreased by 2.2 Tom to 182.1 Tem In 2020. A revision ta Algers 1-2.1 Tom| provided the langest decrease, partislly offset by a 0.4 Tcm
InCrease bn Canadlan resaerves. Russi (2T Tom), Iran 32 Tom) snd Ostar (26 Tom) are the cowntres with the I-EI'QEEIZ resemyas. The current gH:ﬂE| RfP ratio showws that gas

resarves in 2020 accowntad for 4B.8 yaars of cument production. The Middie East {110.4 years) and CIS [T0LS yaars) are the ragions with the highest AP ratio.
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Coal reserves

BP World energy statistics review 2021

Resarves-to-production (R/P) ratios

Yoars

2020 by region History
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Wiorld coal resanves In 2030 stood at 107 billon tonnes snd are haavily concantrated In just 5 few colntries: LS (23%), Russla (15%], Austirala {14%) and China [13%). Most
of the reservas are anthracihe and biuminous {70%:). The cumant giobal R/F ratio shows that coal reserves In 2030 accounted for 1359 ywears of current produciion with Morth

Amarica (484 yaars) snd CIS {387 years) the ragions with tha highast ratios.
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Coal mines in the world

0 THHF 2000 S04 kmy

[C160°S | |
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Coal

| O,
osynthesis

Time 290 to 360 mio. years

>
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Coal

volatiles (3%
. C 90%
e /
5

[ — T
volatiles [50% ~] L =
00
- =] |volatiles |30% | E:-\\/—’zﬁ
as !
S R 25% |
volatiles |20% | £
C 70% j)
ash 5% —

Energy —
14GJ/tonne 19GJ/tonne 24-30GJ/tonne 30-32GJ/tonne
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qullld and gas fuels

Profondeur

: MATIERE ORGANIQUE
dégradation biochimique O.N

KE'ROGENE

1000 m
dégradation thermique

Q

carbonatisatlor

2000 m

3000 m
GAZ

H-C

RESIDU DE
CARBONE C

4000 m

| R ST (VRS DY TRTY D) ) p— —
0 20

HYDROCARBURES GENERES
=PFL

40 60 80 100%

In the first 1 km, bacteria convert
organic  matter nto  kerogen
(embryonic oil).

> 1 km, burying leads to a gradual
transformation of the sediment rock
and thermal degradation (~100°C) of
kerogen.

Between 2 and 3 km, this 1s where the
kerogen produces a lot of oil.

At 3.5 km, less to none oil 1s
produced but lots of gas.
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A geological cap captures the oil/gas

Sondage

.................................
.............................
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
......................................................................
.......................................
oooooooo
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......
> 0

A - Piége structural: anticlinal
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Drilling and extraction

Spontaneous extraction from the pressure of the well

Mechanical extraction

Enhanced oil and gas recovery by water/CO,
injection
— CO, sequestration

=PrL
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The biggest fields

Field Name Country Discovery Range of Field Country Discovery Ultimate
year URR Year  Recoverable
[GB] Reserves [Gb

Ghawar Saudi Arabia 1948 66-100  Kashagan Kazakhstan 2000 -9
Burgan Greater  Kuwait 1938 32-60  Azadegan Iran 1999 6-9
Safaniya Saudi Arabia 1951 21-36 Roncador Brazil 1996 29
Bolivar Coastal Venezuela 1917 14-36 Cusiana/Cupiagua Colombia 1991 1.6
Bern Saudi Arabia 1964 10-25 Sihil Mexico 1999 14
Rumalia N&S Iraq 1953 22 Ourhoud Algeria 1994 12
Zakum Abu Dhabi 1964 1721 ThunderHorse ~ US GoM 1999 1-15
Cantarell Complex Mexico 1976 11-20
Manifa Saudi Arabia 1957 17 T Discovered Recoverable
Kirkuk Iraq 1927 16 2151 Reserves in Giant Fields [Gb] —

250 { B Number of Giant Oil Fields
(Gashsaran Iran 1928 12-15 - Discovered
Abqgaig Saudi Arabia 1941 10-15 200 ]
Ahwaz Iran 1958 13-15 § 175 _

E

Marun Iran 1963 12-14 2
Samotior Russia 1061 614 87 -

100
Agha Jari Iran 1937 6-14 .
Zuluf Saudi Arabia 1965 12-14 50 B
Prudhoe Bay Alaska 1969 13 2 I:

n 0N

rL

N ——

(=]

[

1850-1899 1900-1909 1910-1919 1920-1929 1930-1939 1940-1949 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999

Source: AAPG, UHDSG
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Oil refinery

Alaska North
,ﬂllhm
Crude from 's North
Slope travels the Trans-Alaska
Pi and then makes its way
3,500 miles down the
Cudnmmmns
lower in sulfur then most

c
Our domestic source isa

gl o
San Joa

Tha ey e BN

stai steel n the

refining equipmemt due to

it corrosive nature. It
amives in maring tankers
afier L]

pi to
Low-Sulfu

This crude, which is the most
expensive, is from

a8 wnetyofoﬂnrcounkm
via marine anker. e

=l e

http://independentrefining.com

Fuel
Thefuel duce
wrth

| hereuoo

natural gas we ;

Itis bunﬁ in fmmm:o
ply heat usedin the
ng process.

Propane is used for internal
combustion engines, barbecues,
and home heating in rural
areaa Butaneis 8

redient of gasoline. Both
sre produced here.

Motor Gasoline

If you fill up at a Chevron
station, chances are the
gasoling is made nght here

| —90% of our ne

Jet Fuel
Qur proximity to the air-
wrt 1s quite advantageous.

Diesel Fuel

Diesel is a heavier fuel
ine and jet
fuel. [tis usedin
automobiles, trucks,
and boats.

L

g

This fuel burns hotter
than coal and is usedin
steel

Our coke is trucked to Los
Angeles Harbor where
it is loaded onto ships.
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Natural gas

Top gas producing countries

100,000 300.000 500.000

Russia 576 Mtoe per year

United States of America 558 Mtoe per year

Canada 162 Mtoe pelf year
Iran 129 Mtoe per yepr
Qatar 100 Mtoe per year
Norway - 58.7 Mtoe per year
China - [58.3 Mtoe per year
Saudi Arabia - 85,3 Mtoe per year
Indonesia B ;¢ tice per year
Algeria - 71.7 Mtoe per year

Copyright World Energy Council 2015

=PrL
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Non convention gas and oil

Hydraulic fracking: Oil and Gas

High pressure (500 bar) water
Tensio-active and biocide compounds to ease the extraction

Water is extracted and has to be treated

Rl

LN

<
= ‘IE‘;
h“f::l— Yy 9iw= ln_. ‘
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Who consumes the oil?

BP World energy statistics review 2021

Oil: Consumption per capita 2020

&l pear capta
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i 40-60
N 801100
W >100
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Who consumes the gas?

BP World energy statistics review 2021

Natural gas: Consumption per capita 2020

GJ per capita

0-20
2040
M 4060
W 60-80
W =80
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Who consumes the coal?

BP World energy statistics review 2013

(Coal consumption per capita 2012 (Toe)
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Where is the overall primary energy consumption?

Primary energy consumption per capita 2012 (Toe)

BP World energy statistics review 2013
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‘Reserves’ and ‘fuel cost’

The given reserves are proven and valid for current production rates, at
present economics

Ultimate reserves (physical) could be 10x larger for coal and 4-5x larger
for oil and gas, recoverable at higher cost, and extending the use to several
centuries

Isn’t renewable energy, by contrast, ‘free’ fuel?
No! What matters is the cost of harnessing any fuel, anywhere
(localization, extraction, storage, transport, conversion,...)

In this way, only direct solar energy that warms your body could be
considered free; else, when not considering the cost of harnessing, also gas,
oil and coal are free fuels, made by nature!
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Time scale for fuel generation and consumption

o8 1. ~ Generation time : 100 - 400 106 years
;' _ stored energy ———_ -
years — N
AN
10° 108 107 108 105 10¢ 103 102 \; 10

consumed
. . energy
consumption time (a few

100

<< generation time years)

= non-renewable

=PrL
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Renewable = sustainable

Fuel generation time < fuel consumption time

s. “hon-rene le”: a matter of time scale \

mw\abh\

energies
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Non renewable = stored energy

Fossil (and nuclear) fuels are like energy capital, in the ‘bank’ for present use.
Once used, it's no longer replenished on the life scale of mankind.
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Renewable = energy fluxes (mostly unstored)

Unlike ‘burning energy capital’, we have to harvest these fluxes on a ‘daily’ basis
for our energy ‘income’.
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http://explorerlesunivers.aceboard.fr/index.php?login=260833
http://upload.wikimedia.org/wikipedia/commons/6/64/Dish_Stirling_Systems_of_SBP_in_Spain.JPG
http://upload.wikimedia.org/wikipedia/commons/e/e2/Hawaiian_Eruption-fr.svg

Classification w.r.t. timescale

Instantaneous use Short term storage  Medium term storage V. long term storage
(seconds, minutes) (days, weeks) (months, years) (millions of years)
SOLAR - DIRECT WIND BIOMASS OIL
SOLAR - THERMAL HYDRO WASTES GAS
SOLAR-P.V. WAVES GEOTHERMAL COAL
WIND TIDES NUCLEAR
HYDRO GEOTHERMAL

=PrL
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Classification w.r.t. origin

MATTER

FUSION
STARS —

—

(dead) stars the sun

-

Immediate use or Long-term
short-term storage geological storage
e uranium e solar e coal o tidal
e thorium e hydro e oil
e wind e natural gas e geothermal
e hydrogen e biomass
(deuterium, e ocean heat
tritium) e 0Ccean waves
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Humankind and energy: ever on the rise

From renewable to fossil energies

... and back to renewable ? EJ/yr
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Main drivers for rise in energy demand

Demographic
growth... 7 billion (2012)
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LI I |
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Sustainability

Not only a ‘source’ issue, but now even more a ‘sink’ issue !

consumption rate >>> generation rate

Burning of energy capital

Production [10° barrels/yr]
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Irreversible damageable impacts
on the environment

Haussener — RE | Feb, 2026 62/78



The sink: anthropogenic climate change

Some Heat is trapped by
gases in the atmosphere
6\2\6 and reflected back to Earth

A

incoming
S"i(ﬂ.'t wave

-

Solar Radiation

Solar Radiation absorbed

by the Earth’s land-Sea surface |
and re-radiated as Long-wave
tarth Radiation theat)
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The green house effect

=P

-
1

>

CO, absorbs IR radiation in
its vibration states. The
vibrating molecule re-emits
the radiation which is
absorbed by another GHG
molecule. This absorption -
emission - absorption cycle
keeps the heat near the
surface, effectively
insulating the Earth from
cold Space.

relative importance
of anthropogenic
greenhouse gases
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Global warming is for at least half due to energy use

F-gases
“ N.O o
50 7.9% 1.1%
CH,
50 - 49.0 14.3%
CO, fossil
40 - 39.4 fuel use
= 356 Co, 56.6%
- (defure;tatiun.
o d
® 30 28.7 bﬁ:cr::ss. elc)
Ct}“ 17.3% CQ, (other)
g 2.8%
o 20
Waste and wastewater
101 Forestry Energy supply
17.4% 26.9%
U a
1970 1980 1990 2000 2004 Agriculture

13.5%

[ cO from fossil fuel use and other sources [ | CO; from deforestation, decay and peat

commercial buildings

L CHg from agriculture, waste and energy | N2O from agriculture and others  [I] F-gases 7.9%
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Measured data

430
CO, measured at
stations around the world:
— Barrow, Alaska
—~ 410 5
= — Mauna Loa, Hawaii
a8 — American Samoa (South Pacific)
b — South Pole
o
= 390
e
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w
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-4 370
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O Annual Cycle
2 350 : : .
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w
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E
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310
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Data from NOAA Global Monitering Laboratory
Monthly averages from flask samples CLIMATE.NASA.GOV
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Carbon emissions, CO, conc. and temperatures variation
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Variation of the sea level (measured by satellite)

* [slands may disappear
* Inland saline water penetration underground

cenﬁméiraja

-

1 1994 1995 19 6 ww 1998 1999 2000 2001 2002 2003 2004
from Denhez, 2005

.(Pﬂ- Prof D.Favrat: energy conversion 2009
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Earlier grape collection!

6 oct

ol T

Dates de début des vendanges a Chateauneuf-du-Pape

21 sept

16 sept

11 sept

6 sept

1€ sept

1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

from Source : B. Seguin, Labo INRA Avignon, CNRS, htip://www.cnrs.fr
Denhez, 2005

.(I)ﬂ- Prof D.Favrat: energy conversion 2009
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Coal combustion and its impact (Pekin, winter, 2014)
Concentration PM2.5 I

AQl for last 24 hours
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theguardian.com, Tuesday 25 February 2014 - Chinese scientists
have warned that the country's toxic air pollution is nhow so bad that it
resembles a nuclear winter, slowing photosynthesis in plants — and
potentially wreaking havoc on the country's food supply.

=PrL
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Environmental impact

e e ge in the aqg '

Land occupation

e atmospher

Eau de Fracking

Under ground ? -> Earthquake
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Environmental impact

* Importance of life cycle

— Extraction
— Treatment _
400 = I Ccrbustion
1 I Ctnar
— Transport . —
— Refinery 80
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Coal Diesel Natural gas Shale gas
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Geopolitical impacts (flows)

Major trade movements 2021
Trade flows wordwide (million tonnes)

m us
Canada
Mexico

W 5. & Cent. America

M Europe

W CIs _

B Middle East . -

W Africa

Asia Pacific . .
. 58.6
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How to mitigate emissions and climate, while keeping the services

Sustainable development: meets needs of present without compromising ability of future generation

Sustainability

- Need for efficient, economical, renewable, and environmentally friendly energy technologies
=PrL
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Principal measures

1. Efficiency remains important

= ALL technologies

= Process integration and optimization

Decaronization of energy services

Increase of renewable enegry utilization

Electrificiaton of services

Address the storage 1ssue (seasonal; esp. for renewables)
Grids (development, management)

A A el

Consumer awareness; incentives

All are interconnected!
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Pathways

Oil/Gas

In reality: 0% A~ 100%

3-D trajectories

2100

Paths to
sustainability

ﬁ 40%

1850

Level of energy
consumption —

100%
0% 20% 40% 60% 80% 100%

Coal Renewables/nuclear
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Summary

Energy supply is still strongly fossil fuel based

Economic fossil reserves suffice for ca. 100 yrs, but the climate issue is
more urgent

Transition to a sustainable energy economy needed
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