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+ CITIES = 75% OF THE POPULATION
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S TT POSSIBLE TO MAKE A CITY
AU TONOMOUS ¢

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

* without loosing money

Ecole Polytechnique
Fédérale de Lausanne



[THE CONVERSION CHAIN

kJ,/hab/an] = n.|kJ,/kJ.] - ns|kJe/kJS] - eqlkJs/an/m?] - dpqp[m® /hab] - hab[hab)

Primary
eSOUree Conversion
SN resource->distributed
N —fficiency
distributed->service
N Sobrety
service->needs
| s Needs
needs->hab
SN Population
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THE NEEDS

Sobriety * Comfort *  Population —  Service
service->m2 heated m2->hab hab service/hab

.1 Surface habitable par personne




HOW 10O SUPPLY HEAT IN BUILDINGS ?

WHAIT THERMODYNAMICS TELLS US ?

Thermodynamic minimum

Useful heat

21 °C
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AND THE WAY WE DO |1 TODAY

CO?2
00000
Natural gas boiler Useful heat
20% efficiency 21 °C

CHa4
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FUEL

CO2

WHAI IS WRONG ¢
WHY DO WE BUY | [ X MORE ¢




HEAT PUMP IS THE ANSWER

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

Heat fro

the environment

E



COMBINING HEAT PUMP WITH SOLAR PV

Non renovated building After renovation

S 25- Self consumption = 25%
Self consumption = 30% - _ ~co
Self sufficiency = 15% | Self SUfﬂC'enCy_ 2070
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REACH THE GOOD RESOURCES
SUPPLY WHAT IS NEEDED

Useful heat at the right temperature

30 °C

“lectricity
75% B

CO2:17°C / 50 bar (LV)
H20 : 12-17°C (L)

-lectricity
25% -

Heat from the environment with the best quality ({il

D. Favrat, C.Weber, CO2 based district energy system, US. Patent 2010018668 ooc Onsmave
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http://earth.google.ch
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) Hl Conventional HP

Liquid Gas
- Temperature = 17°C d’
5 C .................................................................................................. Pressure=50b ...................... : .............................................................................................................................
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—5 S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thése EPFL, n® 6935 mv1v* -
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Waste Heat

Municipal waste

g
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Cooling
Free cooling
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Waste Héat

Municipal waste

VWaste water
Cooling
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WAS TE HEAT FROM WAGS IE INCINERATION

< N :
ﬁl?‘ summer Winter
Lo . |
Heat from waste incineration
Waste Incineration
Industry
“lectricity 1

Seasonal storage

Heat from environment Heat pump

2.6 x more heat supplied =
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MJ heat/ M| heat supplied

HEAT SUPPLY AS A FUNCTION OF THE TEMPERATURE OF THE SOURCE

300.00%

250.00%

200.00%

150.00%

100.00%

50.00%

0.00%

DH + heat pumps
0 50 100 |50 200 250 300
Temperature of the source Wﬂ



ADD THE PIPES IN THE PEDES TRIAN WAYS
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5 'H GENERATION DISTRICT HEATING AND COOLING

r B
N
. .J

Hot water

Waste Heat  Harvest and Distribute the heat
Heating from the environment
* Heating and cooling
Waste water

Coollng

* |wo Pipes

Lake Liquid Vapour

Rivers CO2 _| .
Tem re= 17°C - o |
Ot = 166 84/ T 55 e —lectriCity as energy source
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APPLICATION TO A DISTRICT

Electricrty

(Gas
5 MWh
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S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thése Eﬁégle@ﬁm@



APPLICATION TO THE DISTRICT

Tomorrow

loday

Electricity
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COP =5.7

-84 %

No boilers

CO2 network - Electricity required

B Refrigeration

Pumping energy

Heat pumping - Central plant
B Heat pumping - Heating users

Electricity annual: 11.0 GWh
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APPLICATION TO THE DISTRICT

loday Jomorrow
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Years of npcralinn Henchoz, Samuel, et al. "Performance and profitability perspectives of a CO 2 based. Polvtechniaue
district energy network in Geneva's City Centre." Energy 85 (2015): 221-235. o "t 9
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DOES [T WORK FOR TROPICAL COUNTRIES ?

Savings
65 76 vs AC
40 76 vs district cooling

Hot water

nsensib\e cooling (15°C)

| akes

9
Sea Liquid Vapour e
Rivers CO2 ::| Refrigeration

Temperature = 15°C
DHvap = 157 k)/kg
Pressure = 50 bar

Shopping malls

Latent cooling (6°C)
| function of humidity (1“‘

Geothermal
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SUPPLYING ELECTRICITY WITH THE SUN

European PV LCOE range projection 2010 - 2020
Including multiple size segments (residential ¥ MWs scale)

Including VAT forresident e >
Reflecting differences in national irradiation, operation cost, etc.

I_CO E (€nominal/kWh)

0.08 4.0cts USA
2.4cts Abu Dhabi

1.8cts Saudi Arabia
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year
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HOW 10O SUPPLY ELECTRICITY ¢

/~ ~PV production

aaaaa

100

PV efficl
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PRODUCING THE ELECTRICITY DEFICIT

CO2 Heat used iIn CO2 network

00000 k| heat/ k] Fuel
B

~uropean Mix

B .
Fuel cell o 4

4 4
CCGTe4 o5
3

Engines &) 5
2 X 82
|

¢0.9 Boiler

Combined cycle

k| heat/k| Fuel

Cogeneration
0

0 20 40 60 80 100

Gas “lectrical efficiency
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BlO - METHANE FROM BIOWAGS [

1 ,
BB Synthetic Natural Gas

BIOMASS : C(H20) Heat => CO2 network

Organic waste BE CO)

B B B Biomethanisation

. . . . . . . H >/C| rO'th erm a‘ gas |ﬂ Ca‘t| OonN Gassner et al., Energy & Environmental Science 4,no.5 (201 1): 1742,
. . . . . . . Serth e't| C N Aty r‘a‘ G as Gassner et al., Energy and Environmental Science 5, no. 2 (2012):
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CO2 CAPTURE

CO2
) Heat/ i CH4 Fuel Cell (1)
5
SOFC 046 . .
Combined cycle cCO) 5 A 4; o @ _
o0
-~ -
= % : Products :
B P “lectricity :80 7%
B -~ eat : 20%
| 69 aoier CO2Z captured
H20
0

0 20 40 60 80 | 00

“lectrical efficiency

(H|

1Facchinetti, M, Daniel Favrat, and Francois Marechal. “Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine with CO2 Separation.” PCT/IB2010/052558, 2011.  Ecole Polytechnique
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Roof top PV

Waste Heat

Municipal waste Heating
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HOW 1O USE THE ELECTRICITY EXCESS ¢

/~ ~PV production
100

PV efficiency = 20 %
lotal capacity
=> /0% Needs

=> 40% Self consumption
30% by CH4 and CO2 capture
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SEASONAL STORAGE BY MOTHER NATURE

Stochastic summer energy Stored energy
Photosynthesis .O |
CO; + H,O => C(H,0) + O; e
BIOMass

Sunlight HT)

,NADP+
“ S y L f-{[‘:--"
Ught =3

96NbIP Chm try
Calvin cycle, Calvin—Ben m (CBB) c

PhotosyntheS|s 2 % Solar efficiency
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MIMICKING MO THER NATURE
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WATER Co-Electrolysis laat - 0%

L

| | | |
r{ | L Nt | 3-16 96 Solar efficienc
Artificial photosynthesis : 0 f Yy
L. Wang, et. al. Optimal design of solid-oxide electrolyzer based power-to-methane systems: A comprehensive comparison between steam electrolysis and co-electrolysis. Applied Energy (211), 2018, 1060-1079.
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INTEGRATED ENERGY MANAGEMEN T

B ‘; Summer System Roundtrip 80%

. Liquid CHA4 EE

Winter
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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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5 TH GENERATION : MULTI-ENERGY GRIDS SYSTEM

Biowaste B
B VWaste Incineration Roof top Solar PV

r"’“-,; . . B ort Hot water
. L .D —leating
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“lectricity
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A CITY 100% RENEWABLES AND CO2 NEUTRAL BY 5 G DHC

Before

0000000000 (O

Gas
. . . “lectricity
After
| : Bio Waste
2. . ] =
gE T ]
VWaste Water -nvironnement

tment ($

25 kCHF/ cap 25 m2 PV/cap | mpipe/cap 12 kg/CO2/cap

R. Suci = ' ' f CO IS_tdCP)ra Ge for | m3/cap
' — oo . duciu et al., energy Integration o networks and rowe eme
‘ OO ‘ gaSO‘ | ne/h ab/year . :‘ec-trlcrty autonomous cities ir%yEurose, HGON ZOlg Proceedings T




EFFICIENCY VS COSTS

............................................................ C CGT+P\/
32 é X . - 5.5 - 8 €/day/cap
X§OFC + P\/g 16 -32m2 PV/cap
o V4 o R R ..............................................................
é SOFC PV Hybrid X XSOFC PV/ I\Ievv :
RNV ORI S . SOFCPV Hybrid + geothermal -+ Advanced Cogeneratior
(ge,
:)L:’ SOFC PV Hybmd + geothermal + ren@vahon “erovskite PV
N . . . . Hybrid PV
al ;
8 | (GGeothermal storage
: Buildings renovation
0

Cost of service :in €/day/cap
PV cost 300 €/m?2
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INVESTMENT : 330-440 CHF/M?2

SOFC CCGT

INVESTMENT 330-440 CHF/M?2

| 0% of the real estate value

50% private
50% Infrastructure and operation




NO MORE FOSSIL IMPORITS MEANS ...

YOUR MONEY IS USED FORYOUR
SERVICES AND CREATES JOBS



A HOLISTICVISION CONVERTING BIOMASS

Synthetic Natural Gas Gas grid

]
CHs4 1
]

BIOMASS : C(HO)
H>O

“lectricity Grid

: @)

Power to Gas District heating

Gassner;, Martin, and Francois Maréchal. "Thermo-economic optimisation of the integration of electrolysis in synthetic natural gas production from wood." Energy 33.2 (2008): 189-198.



CARBON SINK ¢

]
CHg4 ..CH4 )

/8.4 M|/kgC

7\
S — ~ 2
1 1 0 HT Heat ey
o Bl e 54.4 M|/keC
BIOMASS : C(H0) AV
H>O

4.4 M)/kgC

Serpentine Mg3z(OH)4(5120s)
—_—>

Mg3Sip0O5(0OH)4 + 3 CO2 = 3MgCO3 + 25107 + 2H20

Mineral Carbon
MeCO3 + SiO; O kel

.23 tCOq/year/cap (' .
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A HOLISTIC VISION FOR THE 5th G DHC
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