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DO WE HAVE REALY A PROBLEM OF ENERGY ¢
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THE EARTH/HUMAN ENERGY @100 Oillyear/cap
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GLOBAL WARMING

Can someone turn the heating
system off ? e

ENGLISH WINE

Gollection

© Arne Naevra




IMPORTANT ALERTS

Floodings/slow hurricanes Fire/drought

Heat waves

Temperatures higher then
dry bulb for human body ?




FOSSIL CARBON EMISSIONS

Billion tonnes of CO,/yr

SRI5 (2018)

In pathways limiting global warming to 1.5°C
with no or limited overshoot as well as in
pathways with a high overshoot, CO2 emissions
are reduced to net zero globally around 2050.
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N\ Four illustrative model pathways
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O net Fossil carbon emissions in 2050
0 net Fossil carbon emissions in 2070

IPCC AR5 (2015)

COP 21 target

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

VALAIS
WALLIS




IS T POSSIBLE TO MAKE A COUNTRY
AUTONOMOUS ¢

» without CO2 emissions
* without importing energy

» without reconstructing the whole infrastructure

» without loosing money




ENERGY NEEDS

2

47%

“ 36%
s

i o17% 1 —

pfoducts p LA

100 | gasoline/hab/year . Electricity o Fojtecmcue

eeeeeeeeeeeeeeeeee



THE CONVERSION CHAIN

[kJ,/hab/an] = nc[kJ,/kJ.] - nslkJe/kJs] - eqlkJs/an/m?] - dpap[m?*/hab] - hab[hab]
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Sobriety * Comfort *  Population

service->m2 heated m2->hab hab
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HOW TO SUPPLY HEAT IN BUILDINGS ?

WHAT THERMODYNAMICS TELLS US ¢

For 10 units of heat take 9 in the environment and buy one in form of electricity

Useful heat
21 °C

Energy to buy

Nicolas Léonard Sadi CARNOT (F) .

Energy from the environment e

fraction to be taken in the environment -
F




HEATING A BUILDING

47%
CO2
00000(
Natural gas boller Useful heat
90% efficiency 21 °C
CH; T

Waste heat




WHAT IS WRONG ¢
WHY DO WE BUY [0X MORE ¢

FUEL

oz 00000




HEAT PUMP IS THE SOLUTION

Useful heat
30 °C
Electricity
. : 1 - Tcold
E — Q- (1—
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Heat from the environment
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The energy source for heat pumps : photovoltaics <{|PESE mtHw

0.40 European PV LCOE range projection 2010 - 2020
036 Including multiple size segments (residential ~ MWs scale)
0.35 Including VAT for residential segment

Reflecting differences in national irradiation, operation cost, etc.
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Smart energy system
Integration of renewable energy sources in the built environment
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Defosilizing the housing sector

Integration of renewable energy sources in the built environment

Long term storage : 85%

Long term storage : 55%
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The grid is a seasonal battery

Off-site storage

Redox Battery
8.14 MWh
406.9 m3
4°070°000 €

(20 Whil)
(500 €/kWh)

Off-site storage

Redox Battery
10.8 MWh
540.2 m3
5'400°000 €

Off-site storage

Redox Battery
17.1 MWh
854.6 m3
8'550'000 €

Single family house - 160 m2 - Heat pump



Solutions with heat pump & PV as a function of investment
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Investment : +180 CHF/month/100 m2 soit + 4% real estate value (geneva, CH)
Operation : -100 CHF/month of Oil avoided (50 $/bbl)
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PRODUCING THE ELECTRICITY DEFICIT

European Mix CO2 5
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PRODUCING ELECTRICITY WITH ADVANCED FUEL CELL SYSTEM

= Products
Post combustion Electricity > 80 %
4 CO?2 captured

H20

Fuel processing
> B
Heat : 20%
v v
o0 COo2
| SUb-atmOSpherici VWater separation
>
Air CH4 O?2 H20O (il
Facchinetti, M, Daniel Favrat, and Francois Marechal. “Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine with CO2 Separation.” PCT/IB2010/052558, 2011. Egzlg Plol\étecLhnique




BIO - METHANE FROM BIOWASTE

= @

| . |
> B Synthetic Natural Gas
BIOMASS : C(H20) ]
Organic waste
B 8 B Biomethanisation

. . . . . . . H >/d ro_th e rm al gas iﬂ Ca'ti O n Gassner et al.,, Energy & Environmental Science 4,no. 5 (2011): 1742
. - . . . . . Synth e-ti C N a_tu ral GaS Gassner et al,, Energy and Environmental Science 5, no. 2 (2012):




BIOMASS TO SYNTHETIC NATURAL GAS

Collection of solutions exists

Gasification: Separation:

Thermo-economic Pareto front «:

o airdrying = downstream
A + torrefaction = ypstream

[ [ N .
(cost VS efflclency) . steam drying of methanation
[ ¢ + torrefaction

pressurised FICFB Phys. abs.

- air drying m downstream

* airdrying, gas turbine upstream X

> steam drying, gas turbine of methanation
* + hot gas cleaning Membranes
CFB-0O, downstream

© airdrying of methanation
v + hot gas cleaning

x steam drying

o + hot gas cleaning

Total production costs Investment cost

FICFB gasification

105.4

B Depreciation CJOxygen

BMaintenance B Biodiesel - Rtk
g9 3l Labour B Wood 1. S W Steam cycle

i B Electricity B CO,-removal
@ Methanation
[ Gas conditioning |-
@ Gasification
W Pretreatment

Specific investment cost [EUR/kW]

Production costs [EUR/MWhsye]

Investment cost [Mio. EUR]

| pressurised CFB-O,
gasification
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BIOMASS BASED COMBINED FUEL AND HEAT PRODUCTION

H,O L CHa4 Synthetic Natural Gas

Waste heat

UG

BIOMASS : C(H,O) CO2




STORING EXCESS OF ELECTRICITY

,‘\‘l/’, Efficiency : 20 % O .02
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WATER Co-Electrolysis

Efficiency : 78%

e

Stored energy
Methane

1 1 1 1
rtificial otosynthesis : | 3-16 9% Solar ef N
Artif photosynth . 6 Solar efficiency
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, -

Ecole Polytechnique




ON THE USE OF THE BIOMASS AS AN ENERGY SOURCE

Synthetic Natural Gas Gas grid

CH4

-0

BIOMASS : C(H,O) S0))

H,O ) 9c

CHa4
. . . 40h+CO»=>CH4+2H,0

Electricity Grid

@))

Power to Gas

CO?2 sequestration

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.



VALAIS
WALLIS

ECOLE POLYTECHNIQUE
erING FEDERALE DE LAUSANNE

SNG from biomass potential in Switzerland </|PESE Mt

80

70

60 M Primary Energy Content

B SNG Production

HSNG Production withP2G

20
| i Ii

Wood (HTG) Manure (AD) Sewage Sludge Agricultural Crops Organic Green Waste Commercial & Manure & Sludge
(AD) (HTG) Household (HTG) Industrial Organic Digestates (HTG)

Garbage (HTG) Waste (HTG)

SNG Potential (PJ/y)
w N
o o

o

o



SNG from biomass potential in Switzerland

Natural gas 201 |

Energy (PJ/y)
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Integrating Renewable Energy Sources : Biogas + PV+ Power2gas <{jIPESE Mt

Micro-grid approach
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HEAT PUMP IS THE SOLUTION

Useful heat 4 pyilding 65°C
New buildings 30 °C
?°C

Electricity
O

1 . Tcold )
TICarnot Thot

Emin

E =
Waste heat : 30°C

Waste water : 1 3-20 °C
Ground water: 10 °C )
Lake water : /7°C -

E




REACH THE GOOD RESOURCES
SUPPLY WHAT IS NEEDED

Supply useful heat

30 °C
Electricity
75% B
LC CO2
Electricity - Transport heat from the environment
25%

Harvest heat from the environment (¥l

D. Favrat, C.Weber, CO2 based district energy system, U.S. Patent 2010018668 Ecole Polytechnique

eeeeeeeeeeeeeeeeee




80°C

40°C .

15 °C

Liquid Gas
CO2
Temperature = 17°C
5°C DHvap = 160 kJ/kg
Pression = 50 bar

5°C UG

Ecole Palytechnigue
-édérale de 'alsanne




80°C Hot water

CO2 heat pump

40°C | Heating

) Conventional HP

15 °C

Liquid Gas
CO2

o Temperature = 17°C
5 C Pressure =50b

(0]
'5 C S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thése EPFL, n° 6935 (&G”{{ (
Ecole Palytechnigue
Fédérale de l'ausanne




8OOC r‘a_‘_s B

Hot water

Heating
o

Waste Heat

Municipal waste

4OOC Industry [

“‘ Rankine cycle

15 °C
Cooling
Free cooling

& L=

Liquid Vapour
CO2

Temperature = 17°C

0]
Pressure =50 b : :
> °C Refrigeration
®
Shopping malls 7
5 °C
- S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Theése EPFL, n° 6935 (201 (

Ecole Palytechnique
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80°C

40°C

15 °C

-5 °C

Hot water
Waste Heat

Municipal waste
Industry ,

“‘ Rankine cycle

Heating
Heat pumps

Heat pumps
Waste water

Lake .“

Liquid Vapour

Rivers CO2
Temperature = 17°C
DHvap =160 k}/kg . 3
Pressure = 50 bar Refl'lgel"atlon
°
Geothermal

Shopping malls

S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thése EPFL, n° 6935 &“V{V(
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ADD THE PIPES IN THE PEDESTRIAN WAYS

-um'il"&’ )

| E . ==\Water90°C, AT=30°C & Water 7.5°CAT=5.5°C
==Water 7.5°C AT=5.5°C

&0 ‘—ﬂé‘ oy -__ T

Temperature |7 °C
DHvap = 160 kl/kg

Pressure = 50 bar : i :
Non freesing =i ---ws-cmerde oo

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Heating/Cooling capacity [MW]

Instead of putting them underground (il




DISTRICT

APPLICATION TO A
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Electricity
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S. Henchoz, F. Maréchal and D. Favrat (Dirs.). Potential of refrigerant based district heating and cooling networks. Thése EPEL o885 12476)




APPLICATION TO A CITY DISTRICT

Today Tomorrow
K B oES
B cop=s57 W
Gas -84 %

No CO2 emissions
Pay back 6 years
Investment : 10 k€/cap




HOW TO SUPPLY ELECTRICITY ¢

/~ PV production

PV PANELS ON THE ROOF

PV efficiency = 20 %
Full roofs area covered (30 m2/cap)
Remaining energy to import

- 10% of the total needs

Januar y March May July September November

]

Excess




PRODUCING THE ELECTRICITY DEFICIT

European Mix CO2 Heat used in CO2 network
00000 k| heat/ k] Fuel
— 5
.. — 4 Fuel cell g4
, as I_?:_)J CCGTg4 55
Combined cycle g92 — 5 COP4
= .
S ngines @) COP3
L L
~
Cogeneration

0 20 40 60 80 100

Gas Electrical efficiency




CO2 CAPTURE

CO2
k] Heat/ k] CH4 Fuel Cell 0
5 C
SOFC-GT 0462
Combined cycle cCO2 5 4 %; Cae @ O
'—lz—j COP4
~ 3
= COP3 Products :
2 Electricity :80 %
~ Heat : 20%
| 6% B CO2 captured
H20
0

0 20 40 60 80 100
Electrical efficiency

(thil

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

Fédérale de Lausanne




EXCESS OF ELECTRICITY ON THE ROOFS

/~ PV production
100

PV efficiency = 20 %
Total capacity
=> 70% Needs

=> 40% Self consumption
30% by CH4 and CO?2 capture

Januar y March May July September November

Excess




INTEGRATED ENERGY MANAGEMENT
‘\ S System Rounditrip 80%
“ PV

. Liquid CH4
<=
Ty .
wd o

Co-electrolysis Fuel cell

Liquid CO2 (Al

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




CO2 network : 5th generation district heating/cooling system

exergo.ch
Biowaste
[ Waste heat Roof top Solar PV

Hot water
Energy ,
Management Heatin g
/ Energy services
0.7 m3/haf v
Sequestration
Data centers
Waste water '/ Air conditionning
Liquid

COZ
Refrigeration

EnVironment Suciu et al., Ecos Proceedings, 2016 . (!”1[




A CITY 100% RENEWABLES AND CO2 NEUTRAL BY 5 G DHC

Before,

0000000000 CO.

Gas

. . . Electricity

After
PV Bio Waste

Waste Water Environnement

nvestment [($

8 CHF/day/cap 25 m2 PVicap | mpipe/cap |2 kg CO2/cap

R. Suciu et al., Energy | ciee |S-td?ra Ge f | m3/cap
' v . Suciu et al., Energy integration o networks and Power as for emerging ener:
| OO | gaSOhne/hab/year . Elec-trlcrty autonomous cities inyurOSe, ECOS ZOI;Proceedings . .




INVESTMENT : 330-440 CHF/M2

SOFC CCGT

INVESTMENT 330-440 CHF/M2
| 0% of the real estate value

50% private
50% Infrastructure and opération



A SOLUTION BASED ONLY ON LOCAL RESOURCES

Bankers
Infrastructures Nvestors

Autorities Pension funds
i'/

Na
RRAR

YKT ¥ Fducation
tizens ~_ /4' (ﬁ‘%?

'f_ocal employment




THE ENERGY SYSTEM

Solar PV Bio VWaste Export

1
477, 08

Waste water Environment

AR 36%

!
7% T

products 2%
|00 | gasoline/hab/year . Electricity o Fojtecmcue
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THE INDUSTRY

products 2%

o 17%

Industry




ENERGY EFFICIENCY
o 17% =S

. . 30 % heat by Heat recovery

50% by heat pump integration
15 Projects realised in collaboration with industry

Efficiency

CO2 Savings in % . CO2 emissions |
100 kt/y Energy audits
Process efficiency
Energy targets

Heat recovery
Heat pump integration

Polymer1 Polymer2 Chemical1 Chemical2 Chemical3 Chemical 4

eeeee (i

Ecole Polytechnique
Fédérale de Lausanne

B Project1 ™ Project2 ™ Project 3 M Project 4 ™ Project5 MProject6 '~ Remaining




CEMenT PLANT

DUSTRIAL SYMBIOSIS

o

WVASTE INCINERATION

Heat and mass (waste) exchanges

Heat recovery

Heat pumping

ORC and steam Rankine cycle
Energy and water integration
Waste management

Resource efficiency

Industrial Symbiosis
Combined fuel and heat

(thil

Ecole Polytechnique
Fédérale de Lausanne




ON THE USE OF THE BIOMASS AS AN ENERGY SOURCE

Synthetic Natural Gas Gas grid

BIOMASS ; C(HzO)

CH4

4+ CO=>CH4+2H,O

Electricity Grid

4
<€

Power to Gas District heating
CO?2 sequestration

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.



CIRCULAR ECONOMY :WASTE MANAGEMENT
products 2%

o 17% BS

Biomass | Natural Gas
Combined heat and fuel

CEMeNnT PLANT 3 VASTE iMCfMEPﬁATIOl)




SATISFYING THE SWISS ENERGY NEEDS
4

products 2%

Biomass
Natural gas
Cogeneration .
Industrial needs . .|

Wind and hydro

100 | gasoline/hab/year




ELECTRIFYING MOBILITY

36%
Effoency . . . Electric vehicles

Hybrid and range extenders vehicles

CO2 capturing in fuel powered vehicles

Public transport : electric/hybrid

TRAUVSPOAT

Bio-Fuel

AN
—

- Avallable electricity
100 | gasoline/hab/year




RANGE EXTANDERS VERHICULES

Parking mode

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

Power plant : 3.5 kWe (eff. >70%)
Battery : 5 kWh

Gas Grid

SOFC-GT
Hybrid car

— REX operation
— Power to Wheel
SOC

MMM\N%\T i

CO2 Grid

Data Grid

Mildge
El. Grid

Power

Data Grid
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