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My scientific challenge :
Develop systemic approaches for the Rational Use and Conversion

of Energy and Resources in Industrial Energy Systems




(({ilindustrial Process and Energy Systems Engineering LB

e 15 Researchers developing research in
Computer aided energy systems engineering
—Thermo-economic-environomic modeling
—Process and Energy Systems Integration
*Modeling the system’s interactions

*Energy-Water-Waste
eRenewable Energy Integration

—Multi-objective optimisation for decision support
e Thermo-Economic and Environomic Pareto
eLife Cycle Environmental Impact Assessment
—Understanding the energetics of complex systems

e Thermodynamic methods and metrics for system analysis and
design

(Wil 3 Domains of application IPESE ,

Energy and resource efficiency in industrial processes

Environment

*Process integration O s —
*Pinch analysis
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Process system design Urban systems

*Fuel cells systems
*Power plants, Biomass & Biofuels,...
*Water prod.,Waste water

*CO?2 capture
*Electricity Storage

eDistrict networks : CO2 swiss knife
eSmart grid :Virtual power plants
*Industrial ecologl/;§ymbiosis
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(Wil

“System Engineering :
Treatment of Engineering Design as a decision making process”
Hazelrigg, 2012

What is the Role of Process System Engineering
for the energy transition ?

— Problem Statement
— Open Questions

Smart Engineers for Smart Systems ?

IPESE _

Wil The Energy Transition

Figure Es.1 P Key technologies for reducing CO, emissions under the BLUE Map scenario
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e Efficient energy and resources use and reuse

e Efficient energy conversion

e Integration of renewable energy resources

e Large Scale and Complex System integration

e Sustainable processes & Environmental impact

©Francois Marechal -IPESE-IGM-STI-EPFL 2014 Energy Technology Perspective 2010, International Energy Agency , 2010



(il The Swiss Energy system today

Fig. 5 Detailliertes Energieflussdiagramm der Schweiz 2012 (in TJ) VV means Wyear /year /Cap

Flux énergétique détaillé de la Suisse en 2012 (en TJ)
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(Wil And One future One : 2000 W Society
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Gassner, et al. Energy and Environmental Science 4,n0.5 (2011): 1742-1758.
©Francois Marechal -PEsE-IGM-sTI-epFMbarechal, Francois, Daniel Favrat, and Eberhard Jochem. Resources, Conservation and Recycling 44, no. 3 (2005): 245-262.



({{il Sustainable Energy System design

Knowledge

Environment Economy

Energy Services & Products

Society

(Wil Energy Transition

e Actions
- Sobriety => ask less for the same services
- Efficiency => do more from the resources

- Integrate => Look for synergies, define the right
system boundaries

- Renewables => Integrate the endogenous resources
- Invest => Capital for equipments



IPESE

(Wil The Vision : energy transition by system integration

Process system engineering
Selection, Integration, Sizing and optimal Operation in industrial system

Key Performance Indicators
A< Al \(AEe

B
c . cHlE || c Industrial urban site
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O
Heat recovery
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Heatin
o] 0 :
1] .
o I roducts
Raw materialSii ppoces
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(Wil Process efficiency

Example in a brewing process



(Wil Analysing the process requirement

Beer Production Process

Heating

System
boundaries

? Waste heat to neighbour ?

? Bio methane ?

Cooling

? Recover ?

Water

Pasteurization et Packaging

\ 4

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

(il Maximum heat recovery by process integration

IPESE _

e Heat recovery but magic heat input/output
—2700 kW out of 4000 kW can be recovered by heat exchange

Hot Utility

Cold Utility Heat Recovery

K A
1

380, i Wort steam
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ooy Wort stéam
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2340" E | Bottle washing !
s ; | device i
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Heat Load [kW]

Pinch analysis based on ATmin assumption

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

Utility MER Current
[kW] [kw]
Hot utility 1386 2220
Cold utility - 16
Refrigeration utility 837 1200

Heat recovery leads to 37 % energy
savings




(Wil The process system integration

Energy Support
Electricity Fuel GN  Water Air Inert Gas

Environment

Raw
materials m‘_ L ﬁ

nergy
Products

By-Products

Heat losses  Solids Water Gaseous
Waste

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

(il Energy conversion system integration

e 2 heat pumps + 1 cogeneration engine

J HP1 set up 1 (Tcond=340K) HP 2 setup (T ng=351K)
750
= Others 750i e e =
700 —brewery_utility 700" S bOtherS il
I —brewery_utility
650 Mo, Powet 6500 | —Mech. Power
2600» _ 600“
g 550 Engine E‘ 5501
b -]
g;. 5007 g 50%
g £ 450
F 400, Bl
\
Engine. 350i
i P 300{
evap, 7 . . ‘ . A .
200 % T Tso0 10007 1500 2000 %50 0 500 1000 1500 2000
RC evap. Heat Load [kW] Heat Load [kW]
Fuel 1677 kW Fuel 1140 kw
CHP -374 kWe CHP -166 kWe
« Heat Pumps » 295 kWe « Heat Pumps » 379 kWe
Cooling Water 3.0 kg/s Cooling Water (0.2 kg/s)
\/
Becker H., Spinato G. and Marechal F., 2011b, A multi objective optimization method to integrate heat pumps in 11

O rancois Marechal -IPESE.IGM-STI.EPFL 2014 industrial processes, Computer Aided Chemical Engineering 29, 1673-1677.
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(Wil Energy conversion with Maximum Heat Recovery

Waste heat
Unit 1. 2. 3. 4.
Natural Gas kw 2088 3279 1677 1140
Electricity kW 184 -863 -80 212
Cooling Water kg/s 171 171 3.2 @
Run. Costs FR k€/lyr 332 210 205 212
Run. Costs GER kElyr 520 283 312 336
TOTAL Costs FR kElyr 332 308 274 274
TOTAL Costs GER kE/yr 520 @ 381 398
TOTAL CO ton/yr 2459 3544 1912 1372
TOTAL CO ton/yr 2987 1094 1686 1976
1. Gas Boiler 2.Gas CHP 3.Gas CHP+MVR+HP (T.,,,=66.5°C) 4.Gas CHP+MVR+HP (T.,,,=77.5°C)
Energy /Resource Unit Cost 2007 (Without CO, Emissions
Taxes)
Germany
Electricity 0.0927€ /kWh, 624gc02/kWh,
Natural Gas 00417€/kWhLHV 231g002/kWhLHV

(il Waste management integration

e Organic waste (husk) bio-methanation
—75 Nm?3 CHy/t husk
e However...

—Extra investment (digester), increased electric
consumptions (blender, pumps)

—Heating requirement (Cold stream @ 35 °C)

e Available : 1660 kW as LHV of CH,



(Wil Evaluation : Bio-M ' ion : Results  'PESE.

Unit 1. 2. 3. 4.
Biogas kW 1660 1660 1660 1660
Natural Gas kW 664 (2088) 711 (3279) 480 (1677) 200 (1140)
Electricity kW 264 (184) -924 (-863) -298 (-80) -219 (212)
Water kg/s 17.1 171 3.2 0.2
Run. Costs FR kElyr 161 (332) -31 (210) -16 (205) -32(212)
Run. Costs GER k€lyr 260 (520) -280 (283) -38 (312) ~-60 (336)
TOTAL Costs FR KElyr 238 (332) 145 (308) 124 (274) @74)
TOTAL Costs GER kE/yr 338 (520) -105 (380) 101 (381) 88 (398)
TOTAL CO ton/yr 839 (2459) 566 (3544) 471 (1912) @ 372)
TOTAL CO ton/yr 1588 (29387) (( -2060)1094) -377 (1686)  -452 (1976)
* Natural gas = -95 % Import : 200 kWna
+  Electricity = -147 % Export : 220 kWe

Becker H., Spinato G. and Marechal F., 2011b, A multi objective optimization method to integrate heat pumps in 14
OFrancois Marechal PESE-IGM-STIEPFL 2014 industrial processes, Computer Aided Chemical Engineering 29, 1673-1677.

Conclusions : Before the analysis

Biomass
Food or agro process

Conversion

CIP
Packaging
Conditioning
Processing

Products& by-proc

Cooling & refrigeration

Raw materials

Key performance indicators

A AN N
. B B B -« Waste
Fossil resources C — C C I

o Jeww )l

Heat losses

francois.marechal@epfl.ch “Industrial Process and Energy Systems Engineering- IPESE-IGM-STI-EPFL 2013

P Sveeens (il ]




Conclusion : if you use the hidden fuel

Industrial food and agro symbiosis system

Biomass Heat recovery

Cogeneration
Conversion

CIP
Packaging
Conditioning
Processing

Cooling & refrigeration

Fossil resources

Key performance indicators eat losses

g-(— ANl <« g\-(—
B
C I C I C I
z “SOZ JKExergy J @osts J

(il Open questions : Process energy efficiency

—Holistic system approach
eThink globally - act locally

—Heat exchanger network design
eStart-up & Shutdown
eFlexibility
—Combined heat/mass integration
—Systematically extend the system boundaries
eUrban / Industrial symbiosis
—Decision support
eEnergy price uncertainty
e Utility - Process interface
—Utility => Energy bill
—Process => Product quality
—Energy service companies
*Define a business from the integration ?



Site Scale integration

Steam Network
Heat recovery
Boilers

Processes

CHP Turbines |
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Industrial site integration (symbiosis)

Nominal Process requirement
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Heat recovery

Nominal Process requirement
(k) ?

w0 Total site Grand composite curve
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Heat pump not useful for P3 Heat pump saving potential
for total site : 2957 kW (30%)

* Representation with all the hot and cold streams
— System sub-divisions
— No abstraction of pockets potentials

FM_08/2002

Steam network integration

Combined heat and power production

R

<
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Process 1 Process 2

ENI Systems
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Application : the engineer creativity

Maximum energy recovery 600
Energy Exergy %0 Hot Utility : 6854 kW:
Heating (kW) +6854  +567 500 | '
Cooling (kW) -6948 - 1269 450
Refrigeration (kW) +1709  + 157 € o
Hot utility 0 ——
Boiler house : NG (44495 kJ/kg) 300 Ambient
Air Preheating B Cald utility :6948 kW i f,iﬂ%rn »
Gas turbine : NG (Cl- eff = 32%) =0 0 2000 4000 6000 8000 10000 12000
QKW)
Steam cycle Heat pumps Refrigeration
Header P T Comment 1
(bar) (K) Fluid R123 Refrigerant R717  Ammonia
HP2 2; 793 S“Pefﬂeatej Poe Tow Pign Tiign COP KWe Reference flowrate 0.1 kmol/s
HP1 707  superheate o .
e T (bar) (K) (bar) (K) - Mechanical power 394 kW
MPU  7.66 442 condensation Ced 5 354 75 3 15 1N P Ty Tw Q ATmin/2
LPU 428 419 condensation Cycle2 6 361 10 34 12 33 (bar) (°K) (K) kW (’K)
LPU2 259 402 condensat%on Cye0 6 361 75 311 28 M Hotst. 12 340 304 2074 )
3 e cob 3 M w2
ENI Systems .(Pﬂ-
Results
) (ET —E7)
Totall = mpye; * LHV pye1 + ———= (= 55%(NGCC))
el
_ (Bt - E) .
Total2 = mipyer * LHVyyep + —— (= 38%(EUmizx))
Tel
Table 9 ’
Energy consumption and exergy efficiency of the different options
Option Fuel E;;i d Total 1 Total 2 Nexz  LoOSses
[kWLHV] [kWe] [kWLHV] [kWLHV] % [kW]
Comb. +frg 7071.0 371.0 7745.5 8029.7 34.9 8868.0
Comb. +stm+frg  10086.0  -2481.0 5575.1 3675.1 44.5  8830.0
 cTesmefo 16961.0 -7195.0 3879.2  [-1630.7 51.3 11197.2
hpmp + frg 0.0 832.0 1512.7 2149.9 72.4  2408.1
| hpmp+sim +fig 666.0 125.0 893.3 989.0 72.6 | 1831.6

11% wrt combustion
5 % of reference

(FEdg Systens (G

marechal@epfl.ch “Industrial Proc




(il Total site integration : Open questions

e How to organise heat transfer between processes
—Third Party : ESCO ¢

eProcess interfaces

—Energy conversion

—contract + confidentiality
—Restricted matches & HEN design

e How to realise a holistic system design ?

e Combined Heat - Cold and power production

*\Waste management integration

e Combined Water/Solvent/Hydrogen integration
—Multiperiod
*Processes operating scenarios

—Robustness & flexibility
*Operation

eRobust design / backup equipment

(Wil Process system design

¥

resources

Equipment
Type & size

Connexions

Operating
conditions

aste ' heat/emissions

¥

Products/services




(Wil The energy system en

Energy services

Resources
Context & Constraints

Results analysis
*Exergy analysis
*Composite curves
*Sensitivity analysis
*Multi-criteria

Multi-objective
Optimization

\ Solving method
l'
%

lnfeasible."%\ oo

Decision variables

Emissions

Investment
Thermo-economic Pareto

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

neering methodology

System Boundaries

Technology options

System interfaces models

H Thermo chemical
(Lego bricks) Economics

Environmental impact

Process Superstructure

600

6854 kW
ot composite curve
550

Hot btility

Heat &
Mass integration -

Heat recovery;

System performances indicators
*Economic
*Thermodynamic

* Life cycle environmental impact

(4l OSMOSE : Computer Aided Platform

Grid computing

Data Structuring

GIS data base
Industrial ecology
Urban systems

GUI : Spreadsheets, Matlab Optimisation

Decision variables
Thermodynamic targets

Technology models data base
Energy conversion
Sharing knowledge State
variables
Process flow model
Superstructure

]

Flowsheeting tools

BELSIM-VALI

*gPROMS Energy technology data base
*ASPEN plus eData/models interfaces
*HYSYS eSimulation

-P’.Iatla‘b D E— *Process integration interface
*Simulink *Costing/LCIA performances
*(CITYSIM) *Reporting/documentation
*MODELICA

*Certified dev procedure
*Others possible

*CAPE-OPEN ?
*PROSIM
*UNISIM ?

Modeling tools integration

1 PerformarNes

Equipment rating
costing, impact

State\

variables

——s

Decision support

Multi-objective optimisation
Evolutionary - Hybrid
Problem decomposition
Uncertainty

Decision variables
Thermodynamic targets
DTmin
Sizing/costing data base
LCIA database (ECOINVENT)

Optimal control models
MILP/ AMPL or GLPK
Multi-period problems

Energy integration
Optimisation

MILP/MINLP models
Heat/mass integration
Sub systems analysis
Superstructure
HEN synthesis models

Process integration

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(il Process synthesis of a fuel cell hybrid system

MER Jan Vanherle

Prof. Favrat/Schiffmann

—_— E_
- CH4fyy

Nd

Flowsheet 6 KWe
FuelProcessing J o
w5 | Water oy : —umer ) _—»C02
Bio cﬁ’ BEE AN & -~ —>glec 80-82% 21kWe
26.3 kWe 100% = 1 o O —sHeat 12-10% 5.3 kWt

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

. . 1600,
Heat integration [P

O KWH/KWel S Consoem

Corrected Tem,

0 0.5 1 15 2
Specific Heat Load [kWth/kWel]

Fig. 7 HCox composite curves of optimal solution with 7 = 3 and max

2.5

IT = 3K
Facchinetti,l-':l-manue]é, aniel Favrat, and Frangois Marechal. Fuel Cells,no.0 (2011): 1-8.

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

e Replace centralised power plants
—1 unit of 750 MWe / 61% elec

e by ...
— 75000 units of 10 kWe / 80% elec
—Distributed

—13% cogeneration

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(il Process system design Challenge

e 3D design + Lego ?
—3D Design
—3D Models
—Sensors
—4D Control
—Grids Connected
—or Mobile => Range extender in cars

(Wil Smart system design ?

o 3D designs for 3D printing ? 0o
j i 3D System control

o e ) |
V Water oy |

{Bumer
Aol Burme
o Bummier )

573
{ ] pinch
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(Wil Motivation : for a typical Swiss household

Heatpump | 361W
Env.: 290w | COP=5 475W

528 W

Y 113W —> Heating «—
72 We
> Electricity < J0W . 0K 60%
716 We e: Mobility 1200 W Natural Gas
873w SOFC 11 kWhe/100 km
Y offe=82% Electrical Vehicle
Natural Gas _ s
‘_;.. 70 kWh/100 km
g Natural Gas Vehicle
. . o
Savings : 65 % W means Wyear/year/cap

(4l IPESE

e Smart engineers:
Renewable energy integration

Producing Natural gas from Wood
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({{il Renewable natural gas : Synthetic natural gas from biomass

rﬂ (> 400°C)

L. | catalytic _ fumes/
I : —| combustion | €O,
fumes

depleted streams
[u (300-400°C) (COy CHg Hy )
| |

—— [Drylng J—-—[Gasiﬂcatinn ] [Gas :Iean-up] - [Methane ]-—-— ['SNG G

alr
-

|u' (B80-250C) Q" (BOO-900°C)

synthesis upgrading i
H,_Ollv!ll H,0)/0, ;i:j';:':;:fl H,0lv) HJOEFbl
WOOD Natural Gas (SNG) CO2 (pure)

0—=_10.5 kJ/ mol,,o0g

CHy 3500.65 + 0.3475H,0 27 =102 0.51125CHs + 0.48875C0O>

Gassner, M., and F. Maréchal. “Thermo-economic optimisation of the integration of electrolysis in synthetic
©OFrancais Marechal FRFHFAYSEAR DO Auction from wood.” Energy 33, no. 2 (February 2008): 189-198.

(Wil Closing the energy balance

Integrating heat recovery technologies in the superstructure

R
- SNG
Compression .

——

SNG
1_ Q Q Q Utility and heat recovery system Treatment

= _*‘w\-lo:v}’r“"__ =~ R s \

[ Iz—-!- Indirectly heated, | Q |Q I beeilsheeral)

|| Flue gas drying | A 1] 5team blown | H,0(v) | Etigsical acsgitian |

asification . . —_—

WoodI\L | _Tf o )\ Cold gas clean-up L Internally cooled, V_"Pressure i |

— - (filter,scrubber, | —|fluidisedbed |-} ol
- N — ~| : _adsorption I
| \[ Directly heated, guard beds) reactor P
- v, . 2 4 -

| Steam drying I oxyg_en blown | Gas Clean-Up ‘ Methane Synthesis* | Polymeric !

| gasification | membranes |

|\ j . T ~ residuals and condensates condensates %

Drying Gasification = C0,-
0, 0, 02| H, Removal

. ................................. ‘ H O{l} I ": ‘ ": o
Ar SR " —- Electrolysis © i Compression -

membranes Import/Export 2 et R et :

Air Separation Hydrogen Production C0; Treatment

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(Wil Process integration of the energy usage

1200 : : : — :
MO0 Process and combustion |
1000 | e Tnaet powes :
900 | E
800 . Energy balance closed -
< 700 f CHP optimized :
] e o e \ -
400 :
300 -
200 : : : : : :
0 50 100 150 200 250 300 350

©Francois Marechal -IPESE-IGM-STI-EPFL 2014
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(il Comparing options

e Each point of the Pareto is a process design

Thermo-economic Pareto front
(cost vs efficiency):

1600 |

Gasification: Separation:
1500 -

FICFB PSA
1400 - © air drying m downstream

A + torrefaction
* steam drying
¢ + torrefaction

pressurised FICFB Phys. abs.
- airdrying = downstream

* air drying, gas turbine Mpstream

| = upstream
1300 | of methanation

1200 FICFB gasification

Specific investment cost [EUR/KW]
8

1000 > steam drying, gas turbine  ©f methanation
* + hot gas cleaning Membranes

900 |
CFB-0O, = downstream

800 - © airdrying of methanation
v + hot gas cleanin

700 | Pressurised CFB-O, . gd < g

gasification “— steam drying

o

+ hot gas cleanin
600 9 9

56 58 60 62 64 66 68 70 72 74 76 78 80 82
SNG efficiency equivalent [%]

Note : 1.5 years of calculation time !

Gassner, Martin, and Frangois Maréchal. Energy & Environmental Science 5,1n0.2 (2012): 5768 — 5789.
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(il Environmental Process performance indicators
Identification of Life Cycle Inventory elements

e Process superstructure, extended with LCI

1

== thermo-economic model flows . ) wastewater |
| —> (CAmode flows, added NCx PM Coi {;’O’fg/j”" gypsym & Zn0 CO2 (fossil) - Ni, AI203 FNG (substituted)

1

: == |CAmodel flows, value -
| directly taken from t-e model A0 boiler,stearly netfvork 5] .
X Q [ combustion ) [0 andwbin 5] .
| R T7a [ Tp— o Feareayssent 1o [0 e
: t ansp <})/rt ‘ _L ‘indirectly heated, steam cold gas Hy0 (v) Functional
. wood chips 7 fuegas air | blown gasification K clean-up (flter, Ly ||nt;rfr|1a.ltlj){ ) bolymeric Unit: TMJoyt,
1 production wood chips | drying o scrubber, guard cooled, fluidlise !
1 > ‘directly heated, oxygen: bed bed reactor 1
1 transport to drying ! blown gasification eds) — purification ) o
. SNG plant teeforessenseesrensensenarss : 9 ’Symhm : €02 (biogenic),
1 gasification clean-up
y hardwood  softwood air 02 1
| chips ~ chips s jon tfansfr mmbrgnes ) 1
! olvie " o )’ 20 N; AI203 e foraduced :
1 cradle-to-gate LCA system limits Cha’“"‘c’a 68'3 Sarting water  CaC03 (catalyst) (mix substituted if roduced) I
€€ O a1

= use of ecoinvent emission database (1) for each LCI element, to
take into account off-site emissions

(1) http://www.ecoinvent.org

Gerber, L. et al., 2010 Comp & Chem Eng., 1405-1410
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(il LCA based design

e Optimal configurations

x 10 Thermal capacity as input wood [MWth]

=77 indirectly heated g -1.2 : : 200
. gasification with o
T _gi  torrefaction (FICFB, torr) 3 1.3} r 1185
o} # ) . -
o s 7 Y\ | indirectly heated
z ol l - . 3 // gasification (FICFB) r 1170
g 0o a®®® © o & Y. indirectly heated s -1.4f / Lt 1155
i 10 ome o gasification (FICFB) ) oo o0 p
=y A £ -15} 1140
= | M <«— indirectly heated
8 —11 8): 0w o a0 gasification with L 11205
= o -1.6f torrefaction (FICFB, torr)
o ©
§ -12p pressurized indirectly heated % 110
@ gasification (pFICFB) . c -1.7r pressurized indirectly heated
8 _13f directly heated S gasification (pFICFB) 95
w g gasification (CFB) (53

o = w _4q 8l B \ e . -
£ 14 B - g o \ = . ‘\pressggzeq |nd|r_e;tlhy heated 80
g 141 = - gasification with hot gas
8 pressurized indirectly heated ;90'0 1;3 -1.9} % » Fim® cleaning (pFICFB, hcl) 65
© =15 - gasification with hot gas M& 2 directly heated
=] cleaning (pFICFB, hcl) - M (_; > gasification (CFB) 50
% -16 + et A A f o -“r M =
o S - ' 35
B directly heated gasification = o1 XX o \
L f o —2.1f T
g -17 and hot gas cleaning (CF8,hcl) g directly heéated gasification 20
S 13 oo + and hot gas cleaning (CFB,hcl)
= ; ; h h . £ _
8 10 20 30 40 50 0 10 20 30 40 50
Biomass Profitability [€/MWh] Biomass Profitability [€/MWh]

Land & supply chain are constraints

Gerber, L. et al., 2010 Comp & Chem Eng., 1405-1410
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({il Decision-making

o Selecting the process in the Pareto set

Obj2 Select which optimal
process configuration
Pareto optimal front A ‘under which conditions ?
for given economic
scenario N\
N
Obj1l
Decision
criteria
Economic émg}pact on ‘
ecision criteria L |
parameters Distribution N j
functions \/
P Obj1
Ranking
# of times
intop 5
Solutions ranking ()
based on probability 2

— Decision-making support 8 I
Obj1

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

(il Decision-making

e Uncertainty of the economical conditions

—Economic assumptions probability distribution functions
eNormal, uniform, beta distribution

Scenario [IEA, EU, ZEP....] Base Low High 8 ; T o Sampiing
Resource price [$/GJ,..s] 9.7 14.2 5.5 (P S—— : Normal distribution |
Carbon tax [$/tcoz] 35 20 55 S :

Yearly operation [h/y] 7500 4500 8200 S gboa B R L]
Expected lifetime [y] 25 15 30 3

Interest rate [%) 6 4 8 O b ol G RN i
Investment cost [%] -30% - +30%

0 5 10 15 20
Resource price [$/GJres]
5 T T

= Sampling

1 1 ( )2 Q 4t Berta dilsEn‘bHIti‘on .

- ek = Sl S I i L
) = v N 1 N
fl@) = — SN TN iRkt R AL
a=b o
f(z;a,b) = est-z* 1. (1—2z)"1 9 20 40 60 80 100

Carbon tax [$/tcoz]

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



({il Decision-making

e Relative competitiveness of Pareto solutions

—Ranking with regard to most economically competitive solution

COz2 capture [%]
oM 100

© Post-comb. __—7# "R :
» : MEA R m :
GCJ :  Pre-comb.
= : . ATR Selexol :
b ) s e e et L
Q ] : : .
£ : , : . .
S : : ‘ ‘
O 04f -+t 008 i
14 : ”'F."O"%
'% ::ﬁ‘%:'f%o e
o -:.—%@»gﬁﬁ-’:»- IR L AR
V4 ‘e «¢__Pre-comb;
‘e © BM Selexol
%o : :
0 It 1 L
20 30 40 50
Energy Efficiency [%)]

—CO, capture is economically competitive for

capture rates between 70 and 85%!

©Francois Marechal -IPESE-IGM-STI-EPFL 2014 Laurence TOCk, Thesis, 2013

(il Open questions

« How to deal with engineers creativity ?
- Combinatorial
e Models sharing
- Documentation
- Consistency
- Transferability
o Model interoperability
- Different softwares
o Data base of models
- Interface ontology
- Meta-models : e.g. from Pareto sets
- Systematic superstructure definition
® e.g. biorefineries
o Integration of supply chains
« Integration of Life cycle Impact assessment metrics
e Robustness & uncertainty

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(Wil Extending the system boundaries

e Biorefinery concept

— Integrated biofuel system

Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

lfresh water electricity
]

2.1/l EtOH 1.3% heat (at 400 - 450°C)
} 23.6%

Biogas

6.7%
Lignin
54.0%

| .
. | Ethanol production
d

— » hydrolysis

70‘2% « fermentation
| « distillation
|
[ = = = waste water
2.6 I/l EtOH

Ethanol
pr—-
32.3%

values based on LHV

TIK]

460 [

440 -

420 -

400

380 -

360 -

340 -

320

300 +

280

QMW

input: 58 MWih wood

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

76 /87




Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water _ _ _electricity 4 17.1% 1300 e
i = | 21/IEtOH 1.3% heat | :ﬁl Mechanical pomes. s
| ‘ I I |
Biogas 000 |
| . steam |
. | Ethanol production | 7% - g 0
wood ] Lignin cycie .
| » hydrolysis y o .
100% : 54.0% Sill _
{ « fermentation a00 |
I - distillation Ethanol e A . .
SR — 200 L L L
| 32.3% -25 -20 15 -10 5 0 5 10
- - = waste Water alues based on LHV ; o
2.6 /I EtOH - : input: 58 MWih wood
steam cycle
Input wood 100 %
ethanol 323 %
Output SNG -
electricity 17.1 % .(Pﬂ-
chem. efficiency (Annccc=55%) 623 % oMLY
total efficiency 49.4 % m
Energy balance for different process integration options (without seed train, non-optimised).
77 /87

Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

electricity

Energy balance for different process integration options (without seed train, non-optimised).

freshwater — _ _ _ _ S -2+ A il Process and utiities
- ~| 21EOH 1.3% heat | | o Mechanical power -
|
I Biogas o
S00
1 .
. | Ethanol production | *’*| 1G6CC g
wood . Lignin
F ] « hydrolysis 54.0% e
1oq% « fermentation : "
| « distillation Ethanol 300 f: -~
e 200 " i i
| 32.3% -2 10 8 6 4 -2 0 2 4 6 ]
QMW
= = = waste water .
~| 2.6 I/l EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC
Input wood 100 % 100 %
ethanol 323 % 323 %
Output SNG - -
electricity 17.1 % 21.5 % CPA
chem. efficiency (Annccc=55%) 62.3 % 70.0 % AL D A AR
total efficiency 49.4 % 53.8 %

78 /87



Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

Site integration: process couplings

EtOH & SNG

fresh water electricity }-3% 1300 :
—————————— EtOH production +——
i ~| 271/EOH 1.3% heat | :'ﬁ :
| . I l 1000 -
Biogas oo |
' | Eth I producti 6.7% | SNG SNG el
: thanol production LSNG, o ey
wood _ Lignin 40.3% "~
—0“‘ » hydrolysis 54.0% o |
100% « fermentation : wl ol
1 « distillation Ethanol 300 | ?
[rt—— 200 |
| 32.3% 2 2 o['\:M 6 8 1a
l = = = waste water )
‘I 2.6 /| EtOH values based on LHV input: 58 MWth,wood
steam cycle IGCC SNG
Input wood 100 % 100 % 100 %
ethanol 32.3 % 323 % 323 %
Output SNG - - 40.3 %
electricity 17.1 % 215%  -30% (|
chem. efficiency (Anngcc =55%) 623 % 700 % 673 % LAY
total efficiency 49.4 % 53.8 % 70.5 % m
Energy balance for different process integration options (without seed train, non-optimised).
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Ethanol production from lignocellulosic biomass:

Process and utilities

Mechanical power e

fresh water _ _ _electricity 4 1.5% 1300

r —| 21meon  [1.3% heat ! -

| [

' Biogas ol

| H 6.7% SNG SNG 800 -

. | Ethanol production | oG, g o]
wood _ Lignin| + steam 30.5% ool
—0“‘ » hydrolysis 54.0% |

100% « fermentation : oo |
| « distillation Ethanol 300 |
r— 200 *
| 32.3% 2
l == = ~| W?Zﬁ/‘?’;:g; values based on LHV
steam cycle IGCC SNG + steam
Input wood 100 % 100 % 100 % 100 %
ethanol 323 % 323 % 323 % 322 %
Output SNG - - 40.3 % 30.5 %
electricity 171 % 215 % -3.0 % 1.5 %
chem. efficiency (Annccc=55%) 62.3 % 70.0 % 67.3 % 65.3 %
total efficiency 49.4 % 53.8 % 70.5 % 64.2 %

Energy balance for different process integration options (without seed train, non-optimised).

Qmw]

input: 58 MWih wood

(PG

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

81,87



Site integration: process couplings

EtOH & SNG

Ethanol production from lignocellulosic biomass:

fresh water electricity 1 -1% -
i —| 21mE0H I_r.3% heat | 00 \
il Process and utilities ——
| ! ) | 1 | :
Bfogas SNG HP 000 | Mechanical power e
I -
. | Ethanol production | *7% TAR NG, ¢ =
wood ] Lignin| + steam 41.9% 00 |
—o“‘ » hydrolysis 54.0% |
100% « fermentation : ol
| « distillation Ethanol 300 | |
| 32.3% 200-4 -2 o 2 4 6 8 10 12
L _ _ waste water i Bt s Lt oo
2.6 /I EtOH et input: 58 MWih, wood
steam cycle IGCC SNG + steam + HP
Input wood 100 % 100 % 100 % 100 % 100 %
ethanol 32.3 % 323 % 323 % 322 % 322 %
Output SNG - - 40.3 % 30.5 % 419 %
electricity 17.1 % 215%  -3.0% 15 % -1.0 % (L
chem. efficiency (Annccc=55%) 62.3 % 70.0 % 67.3 % 65.3 % 723 % ks v
total efficiency 49.4 % 53.8 % 70.5 % 64.2 % 73.1 % E‘

Energy balance for different process integration options (without seed train, non-optimised).

Gassner, M. and Maréchal F. ECOS2010 proceedings, Suping Zang et al. Energy and fuels 23, no. 3 (2009): 1759-1765 82 / 87

(Wil Large scale integration : multi-grids

e Resource productivity e SNG =75 %
e Elec =2%
gSupply chain e Heat =13 %

Gas grid

| 75.1 MW

02 grid

6 - 1.4 MWe
0/0 - 13.8 MWth

District heating lectricity

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



CO2 capture

e District heating integration

@ — e F C;aLIdié:a — _tl ______ ‘Q* Chauffage
I\ ___; _ Combustion Cy‘(rﬂ?b\ilﬁggur T t] : T urbain
"""" ol o [ oms7aue @rcsrg
Gaz naturel
Centrale électrique Capture de CO,
Séquestration de CO,

300 MWe NoCCS CCS CCS + DHC
Natural gas (MJ/MJe) 1.698 2.016 2.016
District heating (MW) 47 MW (50000 hab)
NG for district (MJ/MJth) (0.174 0.174 0
Total 1.872 2.191 2.016
CO2 (kgCO2/GJe) 115.8 25.8 14.9

L (i

e Definition of the energy needs
—Heating :

o]

—Air renewal

Heating Power ghot (W/m2)
2 x 8 8

— Hot water e
—Waste Water Tox <
_Al r renewal - o

Temperature

Température [°C)
AEEREERERER.

Twmin

Texx ra

Do not forget Carnot (Exergy demand) :
* Heat with the lower temperature possible
* Cool with the highest possible temperature



(il Local heat recovery

0 50 100 150 200 250 300 350 400
Q(kw)

©Francois Marechal -IPESE-IGM-STI-EPFL 2014
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(Wil Local Heat pumping on waste water

S I - S Heat pumping on water supply ?

6O [ —

Heat pumping on waste water

- Heat exchange
- Heat storage
- Water storage
20 foov e o -

20
0 50 100 150 200 250 300 350 400
Q(kw)
COP=51t06

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(yil Define the demands of a district

e Characterizing the services

O

]
O

8

For one building
Heating signature

&
o

e

heating cut-off
temperatures THO
s cut

6 -4 -2 0 2 4 6 8 10 12 14 16 18 20
Outdoor temperature TOUL [°C]

8

Heating Power ghot [W/m?2)

cooling threshold LA
temperatures 77" g

‘ '
heating threshold Rl G ’
temperatures 77

5
Outdoor temperature Tgy [°C]

10 15

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

e Multi Energy services
- Electricity

- Heating
- Cooling
- Hot water
- Refrigeration
- Industrial processes
- Agglomeration of demands
- Composite curves ?
- Heat-temperature diagrams
- thermal distribution
= Seasonal profiles
@ stochastic !
= Evolution scenarios

= buildings stock
= refurbishment

©Francois Marechal -IPESE-IGM-STI-EPFL 2014

Seasonal temperature  coues de cautte 6075 pour 1

=T m=1001)

— lemmpecature ater
- = = Tempévatine miour

variation o \

40 - O n» .
Summer !Mid- * Winter ! Mid- e
- | :SeasonE ESeason @ ‘;h‘\\ Heatlng
H v = .

» : Ze a1 temperature
g " il $% % -
%10 : | S w0 »

8 H £ C
N <
H H F e
H H '
H H H ad|
H H o
" HE— : =
01-000-299%_Aug-209% ov-2005 ¢ par-2000 -
= 8 & 4 © 2 4 6 8 ' 12 14 % 18 20
T 04
ext

A VR T
\\\ % \&
i
l'r.f '
{: l.. - L—"
g s
)

Composite curve of the Geneva canton

80 - Minimum power requirement for heating «C
and hot water production (Mid-Season)
70 - —| < 5
O < 2 S =
s .
=asl i
- -
© a0l
[
Q. N
€ 30 Scenarios:
[
= 20 = D005
10 N ‘ Cooling range | mnmi 2030

[
Minimum cooling power requirement
i i |
0

i i
200 400 600 800 1000

Required Thermal Power Q [MW]

Heating &
Hot water production,
Power [MW] at-6°C [/
B 5.36- 11.11 (Mw]
[ 287-535

[ ]108-286

Girardin, etal.."EnerGis: A Geographical Information Based System for the Evaluation of Integrated Energy Conversion Systems in Urban Areas.” Energy 35, no. 2 (2010): 830-840.



(Wil Energy system design : problem definition

Given a set of energy conversion technologies :
Where to locate the energy conversion technologies ¢
How to connect the buildings ¢
How to operate the energy conversion technologies ?

Operating cost Network superstructure ot
Gas - | ‘ ectricity
w353t Qua . l:IQI TQQI T e

Electricity ":Iiiiiifi_l____; ________ 0
—), J
% Power 1 T
(Cerid Ql"ﬁ Emissions
. - —_
gas
Yi, D 0, .
/2 PP C -8
Ql..T‘ Mt,i,j,p ________________________________ | Qur ?
-------------------
Investment e Maintenance
('Pipes C™ =" "+ ac * Sen
e=1k=1

[5] Francois Marechal, Celine Weber, and Daniel Favrat. Multi-Objective Design and Optimisation of Urban Energy Systems, pages 39-81. Number ISBN: 978-3-527-31694-6. Wiley, 2008.
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(Wil Access to local resources

A0

Manthly space heating demand [kW,, ]

Heating & Potential
Hot water production, —

Pomrar T e seee Usable = 185 W/ha
B 536-11.11 (MW]
[ 2.87-5.35

[ ]1.08-286

[ ] o.00-1.07 - . |™

;5/
Sm e Mnmmm::.. >

il | 40% ;e

IPESE _

330 Wy/hab

b

Heat demand = 440 W/hab
Electricity cons. = 33 W/hab

3 kWe

<N Biogas 9 kW J
440 KWin 1000 hab ) 3 KWin
O p
40°C IIID Sludge 6 kWi
18°C 13°C-16°C 200 kWi
60 kVVth 300
COP =6.2 COP =4.8
10 kWe 50 kWe
Network Y
@
70 kWi 250 kWn

Girardin et al., ENERGIS, A geographical information based system for the evaluation
of integrated energy conversion systems in urban areas, Energy, 2010
©Francois Marechal -IPESE-IGM-STI-EPFL 2014
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(il Carbon valorisation of renewable energy source

o
CO rom gri
"Melectrical Grid emer SOFC -SOFCGT o
h Schiffmann-Vanherle > ata centers
Co,

P CH4to grid
-

Liquid Methane Storage
[ Schiffmann j Elqwd €02 Storagej
Batterie H2 storage 1

FormicAcid (Laurenczy)

City buildings

Hydrate
Co;
’l\ Methanatlon Solid OX|de Electrolysis \<
m Zuettel VanHerle <€
2
r High temperature solar tower
p Hzto g ¢ [ Micro- algae H2 CH, +€0, Solar Dish
Fisher (HES) Haussener, AirlightEnergy
NG ™
Redox Flow bat. Bio methanisation w Sludge _| Hydro Thermal Gasification
Girault (STEP) "l Kroecher/Ludwig
o ; N S
< 2 Air ’ Salts
| 7 H.0 <_| 1\
Y Micro Algae
Water Treatment .
Waste H,0 Electricity management H){br'ld Concentrated PY Dye cells photo bioreactor
padiadl I BlueWatt Eng. A IBM/AirlightEnergy/Haussener Nazeeruddin/Ludwig
w0 Y, 4\
° S \l/
Electrical Grid SUN
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¢ g0 . . IPESE
(Wil CO2 District heating network for multiple sources
CO2:48Db Users: Sp;(c)e ];‘;Tg’g 6. CO2 network for space heating
Hvap = 180 kJ/kg Space Heating A- Y
T=15°C-13°C Industry 1L _ %
Liq :0.8 kg/I Servi ] 25
Vap:0.15 kg/l ervices o hen . .
ap:0. g Intermediate g 5 Intermediate HP cond
% & ermediate HP ev
Pressure regulation "¢ . z - lcn(t;; zondi,at S
_g(irltzgl_[llilg’g__ : g 21 Space heating
4 4
‘ liquid CO2 (13°C) | i
-4 L:483b-V:-47.3b -
g E 7 CO2 vapor (15°C) Heat load [KW]
[ A g CO2 network for air conditioning
H— Ao
-I 4}
Central utility D
(operating as a heat sink) ¥y =02 evap
A. d.t . ‘:’ o 4 o .
Exchange with the environment e £, Al eondionig
<
Network cross secti . e
et:xjgr_ cross S_es:non U sers: E i
O O: Air Conditioning & :
Bt . Data centers T
Cross section = Cross section water/4 Refrigeration &

10

<

R
c Heat load [?(W]



Advanced district heating systems for complex urban systems

Complex system with heating and cooling : (ERA) 687'800 m?
«Commercial: 23% inc. HVAC and refrigeration Heating 53.2 GWh
«Offices: 60 % inc. data center Cooling 49.4 GWh
*Residential: 17%

e The CO2 network integration : reduction of 84% of the
primary energy consumption if specific technologies are used

e Profitability analysis : break-even in 5 years
e Combined with SOFC cogeneration : savings reach 88 %
e Combined with renovation : savings reach 92 % !

+ Share of the various costs:

= Cost of electricity: 39.6% H .

= Initial Investment: 25% COSt Of Services .

= Replacement of the equipments: 20% o H
o R i e 56 % related to equipment Investment !
Maintenance: 11.3%

= Operation: 4.1%

HENCHOZ S, FAVRAT D., WEBER C Performance and profitability perspectives of a CO2 based district energy network in
Geneva'’s city center. DHC13, 13rd Int Symposium on District Heating and cooling, Copenhagen Sept 2012

IPESE _

(¥l Open question

e Can we solve a problem ?
—100000 buildings
—100000 + nodes => routing algorithm
—Centralised and decentralised energy
conversion technologies ?

—How to estimate the profit
einfrastructure investment : 60 years
edaily and seasonal variation of the operation
edecentralised and centralised units



(lyil District heat distribution cost : cts CHF/annual kWh

Clustering Approach
Indice de colit des réseaux cts/kWh |
Température aller : 90°C.

I 0s65-1.08

e Building density B 1.09- 145
b P [ 146-194

- hb+m | |195-256

e Power density . |257-329
| 1330-472
. |a73-638
| 1639-796

e Annual energy

Ap
Lpun = 2(Np — 1)Ky | —
Np

T;:;pp/y = Treturn + (Tsupp/y - Treturn) . (1 +

Tsupply - Tground

A

fioss, ref T T p i 4 oy 3
) - <) -6
ref ground 4 <! ).‘ ‘.

. -
QpHN = MpHN PAuid (Toppry — Treturn) i';'

dopny = | ——TDHN__
Vs p( T;;pp/y)
1
(c1dpHn + c2)LpHn —
CpHn = T [CHF/kWh]

QpHN

Girardin, Luc, Frangois Marechal, Matthias Dubuis, Nicole Calame-Darbellay, and Daniel Favrat. “EnerGis: A
Geographical Information Based System for the Evaluation of Integrated Energy Conversion Systems in Urban
Areas.” Energy 35, no. 2 (February 2010): 830-840.
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(Wil Evaluation of the operational cost

e 40 time steps : 7 days*5 sequence + 1 Extreme * 5
=> instead of 8760 hours

e Probability of appearance (number of days)
e Using clustering techniques

Heating and hot water demand with 8 segmented typical periods
T T T T

- W T T T T T

S 15008, %

2 508 el s Lo BTy .

g wo ikl 3 o g%%?}?_ﬁi

Sl R RS e ol o st ftTBEATAT S rﬂ

3 0 i ! ”r" e i 0 1 1 ‘ "‘Q‘H"” i

x 0 1000 2000 3000 4000 5000 6000 7000 8000 . . .

-5 150 ! Eléctricity démand with segmented typical perigds] ' _L ! # Validation is performed
R T ey ity o | 1% AMAMMM
£ b i s yrp L p ez
53 5% . : ' ﬁ * 0.3-4.1% errors

0 L i

1000 2(;00 30‘00 4&00 5000 st;oo 7(;00 so‘oo ° 40 t-| mes f aster

T T T T T
Electricity price with segmented typical periods

‘ ol Ll ul H
ot e —om

I
iy i 19
i i I I I I ® Day1
1000 2000 3000 4000 5000 6000 7000 8000 o Day 2

1<}
i<}

(4]
o
(2P ]

Electricity price
[Euro/MWh]

o

‘E Solar irradiation with segmented typical periodsd LDC for Day 3
% T T T ® Day4
S 800 ‘ Day 5
-.%; 600 | ® Day6
£ 400 ; gty ol [ o ® Day7
- Il ™ L§ [ Il r\ Il i

£ o0 AL o AL AN LD L ﬂ ubilly 2 omvs
s 4 ull i

) P o 2 3¢
1000 3000 4000 5000 6000 7000 8000
Hour of year

©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(¥l Open Questions

e Problem Size : Agglomeration methods ?
—Decomposition / meta models ¢
—Use Pareto-sets as models
—mass and heat integration => services definition

o Time scale problem
—When to invest ?

ebuilding stock evolution
eInfrastructure development
—life time = 60 years
—underground
—Operation
e Daily - Seasonal storage

o Stochasticity

—people

*Behaviours

*Customers
—renewable
—markets (Services/Energy)

« Robust design methods

e Uncertainty management
—multi-stakeholders
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(Wil Virtual power plant concept

What is the role of the district as a micro grid for the electricity supply ¢

Operating cost Grids N
Gas ——| - Electricity
995 — ; % ;Ht Q:é,;:,t Ql,,T Cgrld
Electricity
(Cerid Emissions
R .é
(j()ans
CO2grid
Qur

Investment o ne m Maintenance
('pipes C™ =" "ac+ e * Se

e=1k=1

[5] Francois Marechal, Celine Weber, and Daniel Favrat. Multi-Objective Design and Optimisation of Urban Energy Systems, pages 39-81. Number ISBN: 978-3-527-31694-6. Wiley, 2008.
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(Wil Virtual power plant Operation

Water grid Waste Water Grid
Natural gas grid Electrical grid Helat pump[HVAC “l |
olar panels
v Batteries A
v, Q ®
A
> Domestic // PV
’ Hot water tanks v
Buildings
L
T storage Small industries Og—»
A ~ Comfort ] —©
v S . T/Air
L/ People
_— Heating/Cooling < ight —
tanks
Big Data grid >
A T storage
. \ 4
Cons. profiles
v Op Pred 0 0 0 B0
Price
V¥ Resenve
Meteo ‘
Smart info (WIFI-GPS-GSM) T ambient
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CHP : 2000 kWe Demand mean heating power = 3000 kW
Heat pump : 2000 kWe

& El_Sell cost

High electrcity cost during the afternoon > El purchase cost

8000 Storage tank = 200 m3 Heating : 72315 kWh

Electricity : 77897 kWhe 01

Electricity out : 5650 kWhe
Electricity bought : 62894 kWhe

Electicity cost (ctskWh)

Power(kW)

. .
Electricity out : 4407 kWhe
Electricity in : 1269 kWhe 002
Balance : -3138 kWhe

o
4000 0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

-60005 5 10 15 20 25 014
Hours of the day 4 E|_Sell cost

. #El_purchase cost
8000 Low cost cost during the afternoon

Storage tank = 200 m3 o

6000
4000 o
Electricity in : 99596 kWhe H
£ 2000 Electricity out : 8710 kWhe .
g 0 Low price period 8
Electricity in : 19345 kWhe > o6
-2000 2
-a000} D o
o . . Storage filling at night
i ] 5 10 15 20 25
Hourf of the day 002
Empty storage tanks before cheap elec price ~ Storage : 22480 kWhe/day
10 hours of operation 0
Fill storage tanks during cheap elec price 0012345678 9101112131415161718192021 222 2

Hours of the day
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(Wil Electro Thermal Storage (ETES - ABB)

Round-trip eff.: 60% Hot Water Storage
Transcritical CO2 cycles
CHARGE DISCHARGE
Electric Network (or other available mech./el. power) Electric Network
e 7/ /_ ........................ A
: hot storage  HOT WATER hot storage
| |
: ] —
i — [ 25-120°C !
W _dot_HP | |
I Q_dot_HP HS Q_dot_TEHS W_dot_TE
:i_: Air-fan @ 140 bar ’lf ___Thermal engine

___Heat pump
A
..... f 5
¢ 25-30 bar _
g : . X
TRANSCRITICAL CO2 i Air-fan 7%
HEAT PUMP ; % 3508 s c e
cold storage  SALT/WATER cold storage TRANSCRITICAL CO2 &
ICE THERMAL ENGINE — § soal ... o ...
[
250. aew / ............ rececncecn | (509

T T T T 9%
1.9375 195 1.9625
Entropy [kJ/kg-K]

Morandin, Matteo, Frangois Maréchal, Mehmet Mercangdz, and Florian Buchter. “Conceptual Design of a Thermo-Electrical Energy Storage System Based
on Heat Integration of Thermodynamic Cycles — Part B: Alternative System Configurations.” Energy 45, no. 1 (September 2012): 386-396..
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(Wil ETES & district heating/cooling

Round-trip eff.: 60% Solar Heat
Waste heat : 40 % District heating supply Wwaste heat
CHARGE HARGE
Electric Network (or other available mech./ wer) Electric Network
o 7/ /L ...................... e
i OTWATER hot stora |
: —
| | |
W _dot_HP l_ ]
! Q_dot_HP HS Q_dot_TEHS W _dot_TE
;I_: Air-fan ,|/
co2 network@' S _ ' é CO2 network
TRANSCR“ITICAL 2 '
HEAT PUMP ;
cold storag SALT/WATER cold storage TR S(ZRIfICAL cO2
ICE AL ENGINE

District cooling supply

Heat from the environment

Heat to the environment
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IPESE

({{{l Long term electricity storage by converting electricity to fuel

Power to gas concept
Electricity form the grid

SUN max 0.50kWe/kWsne ot
COZ HZO 4 l ~ = /;ataly(ic ..____fumesf \
lfurm:\. "ol, Electrolysis : \_combustion_ €0z
i ! [
NUTRIENTS ' P T
133 kW 1 (80-250%¢ Q' (B00-900°C) l Q" (300-400°C |c? LHl Hawd
TREES Wfd-[Drying ]—[:[Gasiﬂcation] [Gas clean—up]-—[: @f\tt:ae:; 1 [i’:gr adlng] NG /
n,oml H,0(w)/0, LZ::‘;:':;:SI Hy0lv) HPi“l 10 15 kW
Carbon source
WOQOD Natural Gas  CO2 (pure)
AHY=—10.5 kJ/ mol, 004
CH1.3500.63 + 0.3475H20 — 0.51125CH4 + 0.48875CO0-
+ 4 Ho > + CHg4 -CO2 +2H20
AE++4&m>=<
Storage as transportation fuel Ne = = 85%

AET

Gassner, M., and F. Maréchal. Energy 33, no. 2 (2008) 189-198.

(Wil Round trip efficiency of electrcity storage

e H2 electrolysis integrated in SNG process
—CO2 emissions are negative (wood carbon neutral, CO2 is captured)

) _ 85
g AE+ 7

e CH4 conversion NGCC (CO2 = 0 because C biogenic)

B _ 6o
"= cn v

* Roundtrip efficiency

o
=T = 50%

e Long term storage on the gas grid !



(il If Electricity production efficiency increases

e Hybrid gas turbine SOFC combined cycle

E-

Nd = 7.+  — 80%
oy CH4pyy
o 17 T i
Bio CH4 ! : : 80%
100% o 12%
Leqend ] Seumn || or @ Seoarat
Mra o ] Ti Pl Heat ey I |

— b — 68% AD is 80%
77 — E — 0 attery is (s

e Round trip with long term storage on gas
grid and decentralised production

SUN to Fuel
Solid Oxide co-electrolysis

Land m2 constrains /

Roundtrip = 80 %

Grids & process intensification
(a) Storage mode

| SOFC-GT Q - LLiquid o2 Liquid CH4
CO2:48b Gaseons ; PSR
W2 o “Ti ; e T, ‘y| Discharging : Winter
T=16°C-13°C =
Liq 0.8 kg/! [_]] i
Vap:0.15 kg/l
Pressure regulation ' m

Central plant [

5T (b) Delivery mode Liquid CH4

w on
O. Tank emptying  Tank Fi

Using waste heat for heating/cooling purposes

Inactive

Al-musleh et. al, Computer Aided Chemical Engineering, 2013.



(Wil Open questions : Energy storage

e Simultaneous design
—Equipment & control
—How to evaluate the profit ?
e The system becomes a market player
o System operation
—Predictive operation & control
* Meteorological information
*Presence
eFunctionalities (e.g. light, refrigeration, comfort)
e Interconnection infrastructure

eFlexibility/Robustness
*Multi scale : 100 ms -> hours -> days -> Week -> Seasons

—ldentification of buffers

—Networks of networks
*Multi-levels grids (e.g. Voltage)
eInternet of things

—Big data integration
*Machine learning for better predictions

—Market integration
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IPESE

(Ifil Smart engineers/ Smart Businesses / Smart systems

Smart engineers

A Building complexes Ly :
Buildings e District Heatin
g Small and medium industries g
Efficienc \
y S Smart Systems
: o
reofitl | Users = Smart metering
s fant T e Electricity consumptions
Refurbishment . lox'ertpans GEJ * Heating/cooling
Bn Iuds i % e Renewable energy
: e Buildings

services e District systems %

* Storage = Smart command
©O .
(e o WIFI set points
. @ )
Design . - * Tracking
Slzmg qu“pment g e Distance management
Energy services e Heatpump © Smart Control Price signals
* Cogeneration g « Adatat
Renewable energy solutions . PV = : Opiipmz;ve : :
* Batteries o) * Fitod Consumption profile
e Storage tanks il e
e Thermal solar @© ® Renewable energy
. HUAC & integration Power/Energy reserve
- e Demand side Management
e Refrigeration
Building stocks/micro grids




oAPkRk.

Energy transition for a household D14

Today's consumption : 100 kJ of Natural Gaz

Gas grid

Electrical grid

Electricity
\ -~

Heat

100 53 kJ

Natural Gas
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)

system for a household

Tomorrow : Using wood and Renewable energy resources

Wood => Synthetic Natural Gas : 75%
Natural gas => Electricity (SOFC-GT): ~ 80%
2 ha of sustainable forest/family Electrical cars : 11 kWh/100 km
g4 Véhicule Electrique
5%33 SOFC-GT
700 $/cap ==

Procédé GNS

Bitiment
rénové

Sustainable energy system
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The energy system for the household

Gas grid ' . -

e 31 kJ of renewable energy replaces 100 kJ of fossil fuel

e Decentralised & Centralised equipment

e Cogeneration

e Optimal management

e Waste heat integration by district heating
e Understand the process system integration

e Technologies

e Services

building

\ Solar heat

IPESE _

({{il Energy transition needs smart process systems engineers

o Integrate technologies

- Model the interactions by mass and heat integration

- Use of Multi-objective optimisation to generate the list of solutions
e Integrate services

- Multi-services
e fuel/heat/electricity/storage/waste treatment

- Optimal management
e Integrate knowledge
- Reveals the inter-disciplinarity
o Integrate the system
- Waste heat valorisation
- System boundaries extension
o Integrate the renewable energy resources
- Use of Biogenic carbon as an energy carrier/storage



(Wil

Smart Energy transition needs
Smart Process system engineers !

Smart Process system engineers needs
Methods to solve complex problems

So that they are not complex anymore ...



