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DO WE HAVE A PROBLEM OF ENERGY ?

.5 hours
/ time needed to supply our needs
s
0.1%
e
surface to be covered by PV panels
< to cover our needs

N 6500 years

number of years we can survive If we store
year of solar energy received
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MOTHER NATURE WAS A PROCESS
ENGINEER

Stochastic summer energy Stored energy

Photosynthesis
COy + HO => C(H0) + Oy

Biomass

HO
|
'!

Sunlight
.,.9..&,;.-NADP+ ”

Lighttr = =~ +(G) &N

Reactions 3

ampe——

1961 Nobel Prize in Chemistry
Calvin cycle, Calvin—Benson-Bassham (CBB) cycle

(ATP) Adenosine-5'-triphosphate

(NADP+) Nicotinamide adenine dinucleotide phosphate ( vll
www.sheppardsoftware.com Ecole Polytechnique
www.the-simple-homeschool.com Fédérale de Lau



CIRCULAR ECONOMY

Biosphere storage

> -O2 Plant matter +O,
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CIRCULAR ECONOMY OR NOT ¢

swoMig| Geological storage Partial decomposition under high
temperature and pressures

20Mikg| Biosphere storage 5% of | year of sun
o Plant matter .. +Q, Fuel
%-O CHZO CxHy
-
- + Energy lﬂ
O o
§ +Solar Energy CO2+H0 CO,+H,0O
, nutrients
Stochastic
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OUR ENERGY NEEDS

ﬁ 14

oil Oil Oil
| +0O»
biomass .. + Energy AR +0O,
+ &l w + Energy

CO2 14 kg/day

¢ -
F 2 Blo\/\/aste 0.7 kg/day




CLIMATE CHANGE

Can someone turn the heating
system off ?
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S [T POSSIBLE TO MAKE THE CITY
AU TONOMOUS ?

» without CO2Z emissions
* without Importing energy
» without reconstructing the whole city

* without loosing money

Ecole Polytechnique
Fédérale de Lausanne



HEATING A BUILDING

COZ
00000

Useful heat
11

Natural gas boller
90% efficiency

CH4

B
VWaste heat




WHAI ARE HE NEEDS ¢
HEATING BUILDINGS

Thermodynamic minimum

Useful heat

21 °C

-nergy to buy

"
oo

he environment i
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FUEL

CO2

WHAI IS WRONG ¢
WHY DO WE BUY [OX MORE ¢




HEAT PUMP IS THE SOLU TION

Useful heat
30 °C
“lectricity
. 1 .
= E — Q- (1
TC arnot

the environment

Heat fro




REACH THE GOOD RESOURCES
SUPPLY WHAT IS NEEDED

Useful heat

“lectricity
75% B

17°C CO?

-lectricity
25% -

Heat from the environment

D. Favrat, C.Weber, CO2 based district energy system, U.S. Patent 2010018668 Fédérale de Lausanne
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http://earth.google.ch

Liquid Gas

CO2

o Temperature = 17°C 4
5 C .................................................................................................. P.ressur =50b ...................... J ......................................................................................................................
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http://earth.google.ch

Liquide Vapeur

CcOo2

Temperature = 17°C
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http://earth.google.ch

Cooling

ake
RIVers

Liquide Vapeur

cOo2 4 | ,

o Temperature = 17°C Yy 1
5 C .............................................................................................. DHvap=257kj/kg .................. ¢f“‘j ..........................................................................................................
N /

Pressure = 50 bar

Geothermal .
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http://earth.google.ch

ADD THE PIPES IN THE PEDES TRIAN WAYS
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Temperature |/ °C
DHvap = 257 kl/kg
Pressure = 50 bar
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APPLICATION TO A DISTRICT

Electricrty

(Gas
5 MWh

Gonwuilifoe:s wdinnilpy  Stealp o) a0 deemdly somes

L

S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. These EPF; fpﬁi@@gggggﬂi@



APPLICATION TO THE DISTRICT

loday Jomorrow

Electricrity

Electricity

-84 %
Gas No boilers

CO2 network - Electricity required
] SO [ [ [ [ Y Y R E
B Refrigeration

Pumping energy

Heat pumping - Central plant
I Heat pumping - Heating users

Electricity annual: 11.0 GWh

Daily energy [IMWh|

0| e
A S () N D (1v1l
Months

Ecole Polytechnique
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APPLICATION TO THE DISTRICT

Tomorrow

loday

(as

Investment

&8 L B h

Electricity
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-84 %

No boilers

CO2 network
= (_‘onvcntional tech.

Break-even: ~3.5 years

Replacement
of equipments

[.oss: 40.25 mio. €

| |
15 2() 25 30 33 40)
Years ol operation

Investment

X¥
Ak

Electricrity

Profit

Henchoz, Samuel, et al. "Performance and profitability perspectives of a CO 2 based
district energy network in Geneva's City Centre." Energy 85 (2015): 221-235.

(H|

ble Polytechnique
Fédérale de Lausanne




PRODUCING ELECTRICITY IN THE WINTER ?

~uropean Mix

Combined cycle

CO2
00000

CO2
o0

acchinetti,
Gas Turb

Fuel Cell

(Gas

Produ

cts :

“lectricity :80 %

eat : 209%

CO2 captured
H20

iel Favrat, and Francois Marechal. “Sub-atmospheric Hybrid Cycle SOFC-

M, Daniel Fa
ine with CO2 Separation.” PCT/IB2010/052558, 2011. (1 vll
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FUEL CELL SYSTEM
Fuelcell )

- Products :
: -lectricity :80 %
CO2 captured

Post combustion

- e

~uel processing

Heat : 20%

© 0 o0

CH4 sub-atmospheric Water se
Alr 120

Facchinetti, M, Daniel Favrat, and Francois Marechal. “Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine with CO2 Separation.” PCT/IB2010/052558, 2011. ECOlfe 0



ON THE USE OF WASTE HEAT

Winter

Summer

w:, .
LHea’t Trom waste incineration
W |

“lectricity

Seasonal storage

Heat from environment Heat pump  Heat from waste

2.6 x more heat supplied
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=
Roof top PV

Heat recovery
Waste Incineration

4 O O C N P |n du Stry ................................................................................................................................................................................ S atar

CH4

Waste Water
Cooling
Data centers
Alr conditionning
Liquid Gas
Lake \ A 4
Rivers COZ
5 OC .......................................................................................... Pressure =50 bar---- ... A . . ... Res| YOER....... RTTTRPR SRR
— 17° Refrigeration
Environnement Temperature = 17°C
Geothermal Refrigeration

D O e L TS .
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THE GIFTS OF MOTHER NATURE

(H|
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SYNTHETIC NATURAL GAS
PRODUCTION

Synthetic Natural Gas

=> FUEL CELL

! & Heat
BIOMASS : C(H20) . => CO2 network

Blomethanisation
I—l >/C r‘O‘th e If‘m a‘ gaS i ﬂ Ca'ti O n Gassner et al.,,, Energy & Environmental Science 4, no. 5 (201 1): 1742,
Synth e-ti C N a-tu ra‘ G aS D rO Cesses Gassner et al ., Energy and Environmental Science 5 , NO. 2 (Wl‘
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SOLAR ENERGY

CH NEP 2050 scenario
Production = 64.3 TWhe -lectricity balance

WWW.energyscope.ch

Demand = 58.5 TWhe

-xcess 44 % of PV cells production

Export/Storage
4.9 TWhe
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|
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Jan Apr July Oct Dec Feole
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http://www.energyscope.ch

SEASONAL STORAGE BY MOTHER NATURE

Stochastic summer energy Stored energy
Photosynthesis 0 ;
COs + HO => C(H,0) + O, o2’
BIOMass

. HO
Sunlight |
'i

-
l] 3
2 & . 4
. " 4 : > s
N

Lighte™ >

Reactions 3

U ——

1961 Nobel Prize in Chemistry
Calvin cycle, Calvin—-Benson-Bassham (CBB) cycle

2 % Solar efficiency

(ATP) Adenosine-5'-triphosphate

(NADP+ ) Nicotinamide adenine dinucleotide phosphate www.sheppardsoftware.com .. Ecole Pol ytechnique
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MIMICKING MO THER NATURE

} ' /
AN 4
“’, Efficiency : 20 %
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Efficiency @ /8%

-

H,O 0000

o'

CHa

Stored energy

- , Liguid Methane
WATER Co-Electrolysis laat - 0%

@

Artificial photosynthesis : | 3-16 % Solar efficiency

Al-Musleh, Easa I., Dharik S. Mallapragada, and Rakesh Agrawal. "Continuous power supply from a baseload renewable power plant." Applied Energy 122 (2014): 83-93.
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INTEGRATED ENERGY MANAGEMEN T

Liquid CH4 EE

Winter

',‘;' Summer
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Al-Musleh, Easa |., Dharik S. Mallapragada, and Rakesh Agrawal. "Contin supply from a baseload renewable power plant." Applied Energy 122 (2014): 83-93. Ecole Polytechnique
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Waste incineration Rgoftop So\ar P\/
o Hot water

u: —leating

5 °C :‘eC_trlClty

Data centers
Alr condrtionning

o
Liquid Gas

_____________________ co2 R

Refrigeration

Suciu et al., Ecos Procee ﬂo |6
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AN AUTONOMOUS CITY IS POSSIBLE

Before

COy
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R. Suciu et al., Energy integration of CO) networks and Power to Gas for emerging energy

autonomous cities in Europe, ECOS 2017 Proceedings
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THE ENERGY SYSTEM

Solar PV Bio Waste —Xport

Waste water -nvironment

47 %

V2N ;6
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o 17%

100 | gasoline/hab/year . “lectricity e P
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MOBILITY

36%

SCCER-EIP, 2016 (1 v1l

Z. K. Dimitrova,. Environomic design of vehicle integrated energy systems. Thése EPFL,2015 Ecole Polytechnique
Fédérale de Lausanne



SMART CARS

Parking mode

Autonomy : 950 km
Cons : [.11/100 km

Power plant : 3.5 kWe (eff. >/0%)
Battery : 5 kWh

(Gas Grid

35 kg 0 20 |
A SOFC-GT '®
i kot Hybrid car nat) CO2 Grid
g — SOC K8 =
- MWN&UVM/ Data (arid 5 kWh Data Grid

33 kg Mildge
70 ke -|. Grid

30 kW
1200 kg

Dimitrova,

Zlatina, and Frangois Maréchal. "Environomic design for electric vehicles with an integrated solid oxide fuel cell (SOFC) unit as a range extender." Renewable Energy 112 (2017): 124-142

Ecole Polytechnique
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MOBILITY

36%
_ffoency

. . . by Electrical cars (with SOFC range extender)

SCCER-EIP, 2016 (1 vil

‘ OO ‘ gaSO‘ 18 e/ hab/ year Z. K. Dimitrc;va,. Environomic design of vehicle integrated energy systems. These EPFL,2015 Ecole Polytechnique

Fédérale de Lausanne



INDUS TRY

P 7% S=spm
—fficiency ..

by Heat integration
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Gassner

SYNTHETIC NATURAL GAS COGENERATION

BIOMASS : C(H,O)
H->O

-lectricity

, Martin, and Francois Maréchal. "Thermo-economic optimisation of the integration of electrolysis in s

CHs BB Synthetic Natural Gas

- [-Heat

COy
& a8
CHs e

-Heat

4H+COy=>CHy+2H,0 . . POW@F 1O GaS

@) ==
— [-Heat
B | THeat

gas production from wood." Energ : : 189-198.



CFFICIENCY IS THE Trst RESOURCES |

310Mass {}3 . . .'

. . ' SNG production
l . . Cogeneration

|. Other sources

~fficiency . . . by Heat integration
:::| ! I 7% M
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LES RESSOURCES RENOUVELABLES
e

111
B SNG

Biomass

Synthetic natural gas  H T heat

. . . Seasonal storage by SNG
B

Industrial cogeneration

Wind and hydro
Needs (53%)

Industry Electrical cars
i

‘ OO ‘ gaSO‘ i n e/h ab/year data - Eggléerjzlytechr;igaunie



http://www.energyscope.ch

SWITZERLAND CAN BE AUTONOMOUS

PV Bio Waste EXport
gl = B
47 %
- 1" s 1
VWaste water “nvironment
F RN
m 367 Blomass Wind and Hydro
1 181l ] _
m 1 7% Storage capacity
and a net exporter of biogas anE

100 | gasoline/hab/year . “lectricity e T



KEY MESSAGES

* Do not forget thermodynamics
» [ap In the environment/substitute the environment
» Efficiency Is the most important resource

» [earn from nature but industrialise the learnings

+ [HINKSYSTEM!

Ecole Polytechnique
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