Today, let’s dig the «technico-scientificy soil

‘ Technico-scientifique ||

Economico-politique

‘ Ethico-anthropologique l| “" "
‘On’rologie/mé’rqphysique ‘

‘ Théologique I

source: Ch. Luyckx
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Not suprisingly, efficiency was already a must one century
ago and long before that

-

p— S S Ny ———— { ‘~"

Selandia (1912)

mardi 24 février 2015



Jobs for the engineers: efficiency and «green» energy

CO, TEP PIB

* *

CO:=7Ep * PIB ¥ POP

x POP

Kaya’s identity

Reduce energy intensity

Reduce CO2 emissions using renewable energy
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Efficiency of (energy) conversion

Definition of efficiency

s ‘always more with less’ realistic?

What are the limits?

Cost of doing the same with less

Access to energy
The difficult concept of exergy

There is (not so) plenty of renewable exergy
EROEI, a central issue

Having plenty of renewable energy, a benefit?
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To define efficiency, let’s look at a flying airplane

source: flightglobal.com

The fuel consumption of an airplane is a function of its drag
(aerodynamics) of its mass (materials) and of its propulsion system
(fuel conversion)
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Improving all technologies helps improving the fuel
consumption and thus the range of an airplane

Breguet’s range equation
T A [

Improve materials

Improve propulsion

Improve aerodynamics

Improving is similar to being more efficient
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Focusing on the propulsion system, efficiency is what you
get from what you paid for

Chemical Heat | Mechanical —J Thrust
energy work
77(: nth 771?
- Heat produced
Ie = Fuel consumption
- Mechamca:_ work Ne = Ne X Nih, X Ny
Heat produced
B Thrust
"I’ = Mechanical work

\eta_c =\frac{\textnormal{Heat produced}}{\textnormal{Fuel consumption}}
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What are the trends in overall efficiency!?
Getting closer to 0.4 only. So it seems there is room for

Improvement.
Chemical Mechanical
—> Heat +—— —  Thrust
energy work

o~
Q

Nth Tlp

Overall Efficiency

A 0.2 0.3 0.4 0.5 0.6
08 0.7 \ 06 0.5 0.4 0.3
nth 3 Futuk SFC
Trend
0.7 «
TIT
> ' <~ OAdvanced
9 o6l Engines UDF .
0 .
kZ
w
S 0 Low BPR _
£ - Engine
o @ Current
= High BPR
@ 04
O
(&)
0.3

Whittle

Koff, 1991
0.2 0.3 0.4 0.5 0.6 0.7 0.8
Propulsive x Transmission Efficiency 771?
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Advanced propulsion systems : a technology marvel leading
to an overall efficiency of 0.5 only.Why?

UDF (unducted fan) GTF (geared turbofan)
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Thanks to the second principle of thermodynamics (i.e.
physical limits), conversion of thermal energy into work is

limited

© Moteur Diesel marin

Moteur Diesel routier

® ' Turbine a gaz (grande puissance)
@®  Moteur Essence

Turbine a gaz (petite puissance)

Increasing constraints
>

1 2 3 4 5 6 7
300 600 900 1200 1500
Amplitude of driving forces

A

8

Reducing

irreversibili

5
1

ties

9
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Both technology level and size matter

Engine Efficiency
1860 Lenoir’s engine 5%

1876 Otto’s engine 20%

1896 Diesel’s engine 25%

1912 Selandia’s engine 30%

1986 Marine Diesel engine 48%

201 | Gas engine 45%

201 | Vehicle Diesel engine 42%

201 | Vehicle gasoline engine 35%

201 | Marine Diesel engine 54.4%
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Both technology level and size matter

AT

MAN S80ME-C7
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Yes, size does really matter : example of ship transportation

Dollars per TEU
4,000 |
3,600 }
3200 + z 13,500 TEU “Emma | : Maerskobtaing | To obtain a similar
: Maersk” (from Maersk | . some 11% sav- | percentage reduction
E-Class) is just at the ! 1 ings from moving | in siot Cost, the next
2,800 | limit of the expanded | F up4S00TEU o | step would be to
Panama Canal : the "EEE"Class  : build 25,000 TEU ship
, : : of 18000 TEU |
2,000 | Post-Pamﬁux ships
exceeding 5,000 - 5,300
1,600 } TEUs intraduced in 1995
1,200 ¢ :
: v -11% :
800 } : v -10%
400 }
o . s > A . : . s - s " ; 'S -
0 2500 5000 7500 10,000 12,50015,000 17,500 20,000 22,500 25,000 27,500 30,000
. +4,500 +7,000 Ship Size TEU
Source: HKND, Drewry TEU TEU
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Thanks to Betz (i.e. physical limits), wind turbine efficiencies
are also limited. The standard technology is already close to
the limit

<
~J

—
o~

ideal ¢p (momentum theory)
\ , —

o | |
/ theoretical power coefficient (infinite number of blades, L/p==)

/_\ ——
three-bladed rofor/ /><h:(;bladed rofbK
04 4 : U
/ @\\/ >(one-hladed rotor
. / -l

/ Darrieus rotor \
oSy

Dutch windmill
01 /\American wind .’rurbine

V @ \Salvonius ro’ror

00 2 A 6 8 10 12 14 16 18
Source:Wind turbine by Hau and von Renouard, Springer TiP-speed ratio A

Rotor power coefficient cpg

RN
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This is true for a majority of processes (example of cement
production) where expected gains are limited.

7.0

== FUEL
6.0 - —8— ELECTRICITY

5.0 -

3
o

SEC (MBtu/ton)
w
(=)

N
o

1.0 -

0.0 e ———————————————(—]————

Figure 7. Specific fuel and electricity consumption per ton of cement produced. Energy is expressed as
final energy (or site energy) and excludes power generation conversion losses. Fuels include waste fuel
use estimates starting in 1977 (based on PCA data, and after 1993 on USGS reported data).
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There are some exceptions like heating needs in buildings
that could go down to zero

Besoin énergétique en fonction du bati

35000

30000 -

25000 -

20000 -

15000 -

10000 -

5000 -

Besoin énergeétique par logement (kWh/an)

avant 1946 1971 1981 1991 1996 2001
1945 1970 1980 1990 1995 2000 2005
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It is also usually possible to obtain the same service for
less. It is another form of efficiency.

Porsche 91 |
mass = 1600 kg

21 kW @ 120 km/h
260 kW @ 300 km/h (max speed)

Combined fuel economy = 12.3 I/100km
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Small cars have a better fuel economy using less mass and
a lower max speed

Renault Clio
mass = | 100 kg

P=20 kW @ 120 km/h
50 kW @ 167 km/h (max speed)

Combined fuel economy

gasoline :4.3...5.5 I/100km
diesel : 3.2...3.4 |/100km




We can go even further by still reducing the mass
and improving the shape. However, the service is not
exactly the same. i

VW xIlli
mass = 795 kg !

9 KW @ 120 km/h
21 kW @ 167 km/h

Combined fuel economy
11/100km (NEDC standards)
21/100km in practice
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Down to this highly efficient transportation
system. Is it still really a car? Does it impact our
economy!?

Peraves
Monotracer
mass = 250 kg

- ~ -

- ” T,

i e Sy W oy S
- . (. - o T - "—‘\‘

e - —

R i

5 kW @ 120 km/h
67 kW @ 300 km/h

Combined fuel economy <11/100km
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Energy is never lost. It is thus better to use the
quality of energy, i.e. the exergy.

Unburns Cold source
Chemical Mechanical
— Heat +—
energy work
Tl Tth

Tatm
W =11
(1-752) 4

Kinetic losses

A

—  Thrust

Max theoretical conversion into work Heat source

Exergy content
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Energy conversion is subject to strong exergy losses

Electricity > Heat
exergy = | =51 exergy = 0.1
energy = | \ energy = |

| i
Al

L
e ®

Source: Thomasnet.com

mardi 24 février 2015



Examples of exergy content of energy

100% -
m)
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0% I T T T 1
Energie Energie Energie Energie Rayonnement Energie Energie
électrique mécanique chimique nucléaire solaire thermique thermique
300°C 50°C

Figure 1 : Indice exergétique de différentes formes d’énergies. Température du milieu ambiant prise a 15 °C

Source: ENEA Consulting
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We get more insight following the decreasing
exergy content through the different conversion
steps than following the conserved energy

L’efficacité ou rendement énergétique se définit comme le rapport entre I'énergie utile et I'énergie investie dans une
transformation ou conversion.

Systeme Energetique Energie utile

Energie investie

- Conservation de

Energie utile i
I’énergie

len Energie investie

Energie perdue

L’efficacité ou rendement exergétique se définit comme le rapport entre I'exergie utile? et I'exergie investie dans une
transformation ou conversion.

Systeme Energétique

Exergie investie Exergie utile

-> Destruction d’exergie

Exergie utile

nex

Exergie investie

Exergie perdue

Contrairement a son pendant énergétique, la forme exergétique du rendement prend en compte non seulement les
flux énergétiques perdus, mais également la diminution de qualité des flux énergétiques.

Source: ENEA Consulting
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This is true for renewable energy

162000 34000 Atmospheric Reflection 62500 Extra-solar Radiation i
Atmospheric {3 W0'06 w¥ind Energy |\ Ocean Thermal Gradient
Saiar _} Absorbtion /3 aves{\: ) Wave ' | ———
Radiation 31000 870 Wind Energy JkAbsorbtlon 100 OTEC
e 5000
Evaporation 0.36
B6000 ot —= 0 L7 e | o fection
Surface Incident : . lectricit
Scattering 43000 [\ Surface Heating  clouds Rivers yj J

L 37 Tides 190 Photosynthesis ﬁ 5 Wood Fuel \9 0.016 Solar Energy

| ) » 0.2 Ethanol
\:3'5 Desdn Ties %%ﬁg 1 0.04 Carbon Burial {qur?lu%;l =1
s Tidal

—— 0.0005 E;:rgy \_O 4N 9 & B Nuclear Fuel

Solid Earth 270 Z] Coal _ 300 Z] )
70.2 Tides Methane Clathrate ‘\—O —— 5.0 Oil Thorium @

3100 Z]
Lithium

110 ZJ ol 110 7] Deuterium
Geothermal Energy (> 800 ZJ <> &y 3 9 Gaig 3.6e5 7] Seawater Uranium
. ? 0.03 50 7] Gas 3e/ 7] Seawater Lithium
s 37 Mantle Tr:l"fgg:: Graléir:aetgi?;nal B () Natural Exergy Destruction  —<—>— Exergy Accumulation
Heat Radiation Chemical — Human Use for Energy Services === Exergy Flux [TW]

Source: Hermann (2006)
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The main source of renewable energy is the sun.
Conversions to wind, biomass, etc. suffer from
large exergy losses.

162000 34000 Atmospheric Reflection 62500 Extra-solar Radiation
Atmospheric
Salair j Absorbtion ' |
Radiation 31000} Absorbtion
=S | 5000
86000 41000 | =vaporaton Surface
Surface Incident N ; Reflection
Seatiering 143000 Surface Heating J
1+ 3.7 Tides
e omn s There is plenty of renewable energy but
| - s renewable exergy is much more scarce
0.2 =
ides
37 Mantle Tﬁfg{g:ﬁ Graléir:aettiiﬁnal P () Natural Exergy Destruction  —~—— Exergy Accumulation
Heat Radiation Chemical — Human Use for Energy Services =< Exergy Flux [TW]

Source: Hermann (2006)
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Example of wind energy

31000 TW
Energie cinétique de l'air 870 TW
Eolien 300 GW 60 TW  Vagues

l

3TW Vagues proche des cotes

l

O0TW Potentiel exploite
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Example of hydraulic energy

gravitée chimique
18 Tg/s précipitations 300 TW 90 TW
3.9 Tg/s sur terre 25 TW 19 TW
2.0 Tg/s 1.9 Tg/s
evaporation /\
0.4 Tqg/s 1.5 Tg/s

Vers 0ceans via =4 4 1q/s 7.2 TW 5.4 TW

cours d'eau l

1000 GW
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Example of biomass

biomasse OO0 TW

N

terre 65 TW 25 TW océan

N

02TW 16 TW exploité

|

Exploité pour le
0 1\/\/ bois de chauffe

ethanol 0.02 TW 15TW Bois de chauffe
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EROEI Energy Return On Energy Invested

To get energy we must invest energy

45
40
35
30
625
o
w 20 -
15 +—8
10 { " '
m * -
: '
0 } } } } { { f
= = ® = ® © w2
T T 0 2 E £ Sg °
s 8 8 g 38
o 3 o - -
Z = j4 o
T V)

Fig. 6. EROI for power generation systems. Nuclear (1) represents the average and
standard deviation for the entire sample of analyses reviewed by Lenzen | 14]. Nuclear
(2) omits the extreme outliers from Lenzen's survey, and thus represents a better
assessment of what the EROI for nuclear is likely to be. See text for description of
further sources.

Source: Kubiszewski et al., Ren. En., 2010
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In Meadows’ work, EROEI is killing us

State of the World

_'u!.h-:a.'g'q.‘.\.‘l.vwwmrl

CRESOUICes " |

Industnﬂl output

Population

S A L T N T LT T T

1900

2000

Source: Limits to growth - The 30 year update
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By the way, having plenty of cheap resources is not
sufficient to save us

L an an o an an on on an an an an g

Resources | Tttt ’ % l'
) ¥ 4 :
o ¢ Y|
y) Y
S o
:".. ,’ v Industrial
° ¢ Y

s output

00‘ i & ”/ oooooooooooooo #3000ennn,,,
....... .= ___.._—'” Pollution Food
P—-—--q-_—— : |
1900 2000 2100

Source: Limits to growth - The 30 year update
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American Scientist, May

Source: Hall & Day,
2009
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But again size does matter

80

£Q y = 8.987In(x) + 2.861

R? = 0.641

60

50

40 )

EROI

30 . I

20 ! - ..T

10 1 /.

al

5 15 30 50 100 150 170 200 225 265 300 350 400 450 500 600 750
Power Rating (kW)

Source: Kubiszewski et al., Ren. En., 2010
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EROEI

EROEI and renewable energy development

—

RE development

r; ¥

RE extension

—

RE extension
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Extensive use of renewable energy?

Consommation electrique en Belgique : 82700 GVWh (2008)

Pour satisfaire cette consommation il faudrait environ |1 1000
eoliennes de 3 MW (facteur de charge 0.3).

Actuellement, I” équivalent de 300 d’ entre-elles est installé.

Pour satisfaire cette consommation il faudrait exploiter plus de
41000 km? de biomasse (|0t/ha/an, rendement des centrales 0.4).

Pour satisfaire cette consommation il faudrait installer 827 km? de
panneaux photovoltaiques (100kWh/m?/an). En 2012, |5 km? étaient
installes.

et si tout devenait electrique nous devrions construire 8 fois plus
de tout
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Renewable energy will affect our environment

-

: Key
0 : “\ wave farm
- % H100'sq km wind farms &y tidal stream
wind farm
tidal lagoon
A

- solar power on roofs
£ photovoltaic farm

biofuels

Blofuels .
=3 wood / miscanthus
“;D (O] nuclear power station
- 2 A waste incinerator
g ¢ new pumped storage

% existing pumped storage
@ clean coal

R ‘ HVDC power lines
~*Photovoltaics OO0
- T Solar power in deserts(") ()
source: D. Mc Kay (scenario M, 2050)
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Alta Wind Energy Center (USA)

500 eoliennes
1320 MW
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L'économie neéoclassique a besoin de progres technique
pour assurer la croissance

Y=Production

l—a 1«
Y = 14[/ K L=Travail

K=Capital

Productivite multifactorielle

Progres technique

Pourquoi a-t-on besoin de croissance?
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L economie ecologique a besoin d’energie et de progres
technique pour assurer la croissance

E=Energie
a1-l—a)? @ 1/¢
Y — ((1—7) (AL L*K=)® + 5 (ApE) )
Stern 201 | t 1
meilleure

Productivite multifactorielle ,
_ technologie et

meilleure qualite

Progres technique )
5 1 de I'énergie

mardi 24 février 2015



Exemple 4 : Les ameéliorations restent possibles (cas
des automobiles)

I/100km | °
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source: Bureau federal du plan
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Exemple 4 : Mais les km parcourus augmentent.
C’est 'effet rebond !

80000

millions
de km |,
parcourus

70000
65000
60000
55000
50000

1994 1996 1993 2000 2002 2004 2006 2008 2010

source: Bureau fedeéral du plan
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FLUX ENERGETIQUE - WALLONIE 2009

DISPONIBILITES

cokeries
Charbon
11,4TWh
6%

Hydroélectricité + Eolien + Photovoltaique
0,8 TWh L

Nucléaire
71,2TWh
35%

Energies renouvelables (autres) +
récupération déchets 10.1 TWh

4,4TWh
7%

Gaz naturel
44,4 TWh
22 %

Prod. pétroliers
59,2 TWh
30 %

raffineries

chaleur
pertes de transformation
et de distribution

[ gazdérivés
P électricité

Source: ICEDD

TRANSFORMATION

hauts-fourneaux

centrales électriques

importation nette

production locale

CONSOMMATION FINALE

Sidérurgie
6,9 TWh

Minéraux non métal.

15,6 TWh
INDUSTRIE
Chimie 34 9%
8,8TWh
Autres sect.ind.
11,7 TWh
DOMESTIQUE
! 37 %
Domestique
46,8 TWh
TRANSPORT
Transport de 29%

marchandises
et de personnes
37,3TWh

exportation nette

* non énergétique inclus

pertes de transformation

et de distribution

Source :ICEDD pour la DGTRE, octobre 2011
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