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{{ilIndustrial Process and Energy Systems Engineering

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

Energy and resource efficiency in industrial processes
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Process system design Urban systems
*Fuel cells systems eDistrict networks : CO2 swiss knife
*Power plants, Biomass & Biofuels,... eSmart grid :Virtual power plants

*Water prod.,Waste water
*CO?2 capture
*Electricity Storage
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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 ?



(Wil The Energy Transition
2012 2050
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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




Vil Sustainable Energy System design

Knowledge

Environment

Energy Services & Products

Society



({il Energy Transition Actions

e Actions
- Sobriety => ask less for the same services
- Efficiency => do more from the resources
- Renewables => Integrate the endogenous resources
- Integrate => Look for synergies
- Equip => Invest Capital for equipments and infrastructure
- System => define the right system boundaries
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(Wil The Vision : energy transition by system integration

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

Kev Performance Indicators

Industrial urban site
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Vil Process integration in practice

e A systematic implementing approach

> Final proposal (Profitability)

ég?» Step 5 Economic Evaluation & HEN Design

Step 4 \ Energy Conversion Units Integration & Optimization

Step 3 \ Energy Improvement potentials

Step 2 \ Process Integration & Targeting

//////////Step 1 \ Data Extraction & Energy Requirement Analysis
LIl 2t gttt ittt ditisas

Pouransari, 2014



(il Large Scale Process Integation : in practice

Process operation Site scale integration Combined heat and power
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(Wil Total site integration : Open questions

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

e Process interfaces
—contract + confidentiality

—Restricted matches & HEN design
e How to realise a holistic system design ?

—Energy conversion
e Combined Heat - Cold and power production
*\Waste management integration
e Combined Water/Solvent/Hydrogen integration

—Industrial Ecology

—Multi processes and stakeholders
—Multiperiod

* Processes operating scenarios

—Robustness & flexibility
eOperation
eRobust design / backup equipment



(Wil Process system design

Process system engineering
Selection, Integration, Sizing and optimal Operation in industrial system
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(Wil The energy system engineering methodology

Energy services

System Boundaries
Resources :
Context & Constraints Technology options
Results analysis System interfaces models
*Exergy analysis (Lego bricks) Thermo chemical
*Composite curves Economics

*Sensitivity analysis

Environmental impact
eMulti-criteria

A O Process Superstructure

Solutions © N =
. . . o,
Multi-objective () { Heat & y
' L ey
o \ Optimization Mass lnte“gr'gtFOM =
—~ v . wl e
Of § Solving method e AT
2l % . , System performances indicators
& . Decision variables oF :
lnfeasible."% conomic

* Thermodynamic
Investment

; * Life cycle environmental impact
Thermo-economic Pareto

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



Wil OSMOSE : Computer Aided Platform

Data Structuring

opespsl Decision support

Multi-objective optimisation
Evolutionary - Hybrid
Problem decomposition
Optimsation Uncertainty

GIS data base GUI : Spreadsheets, Matlab
Industrial ecology
Urban systems

. - .
JOCISION varl

abes

Technology models data base
Energy conversion
Sharing knowledge

Sizing/costing data base
LCIA database (ECOINVENT)

Optimal control models

Pms?;; mm"d it varaties o E"‘g&)’ﬂg‘;ﬁg"’“ mlLP/AMfL or GLPK
. / ulti-period problems
Flowsheeting tools .
*BELSIM-VALI l
*gPROMS Energy technology data base MILP/MINLP models
*ASPEN plus eData/models interfaces Heat/mass integration
*HYSYS eSimulation Sub systems analysis
*Matlab € eProcess integration interface Superstructure
*Simulink *Costing/LCIA performances HEN synthesis models
*(CITYSIM) *Reporting/documentation
*MODELICA *Certified dev procedure
*Others possible 5 o
CAPE-OPEN ! l Process integration
*UNISIM 2 GUl interface

-User interaction

orkflow organisation

Modeling tools iniegiration
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(fil Process synthesis of a fuel cell hybrid system

MER Jan Vanherle Prof. Favrat/Schiffmann

Equipment

Solid Oxide Fuel Cell

Flowsheet 15 kWe 6 kWe

'rJ\ O — : | |
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CH4 —» | = T— ot | ‘
Bio CH4 e ‘ —+Elec 80-82% 21 kWe
: . : s 2 L=
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Facchinetti, M, Daniel Favrat, and Francois Marechal.
“Sub-atmospheric Hybrid Cycle SOFC-Gas Turbine
with CO2 Separation.” PCT/IB2010/052558, 2011.
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(il Smart system design ?

e 3D designs for 3D printing 2 30 Desion

3D Modeling
3D System control
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(Wil A paradigme for the energy system ?

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

—75000 units of 10 kWe / 80% elec

—Distributed production

—13% heat for poly-generation (heating or cooling)
—Cost scaling factor near 1



(Wil Motivation : for a typical Swiss household

873 W
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Factor 3, without changing the demand !
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(Wil

e Smart engineers:
Renewable energy integration

Producing Natural gas from Wood



IPESE

({¥il Renewable natural gas : Synthetic natural gas from biomass

A

thepheted (e
. ’:’ > L .g "

WOQOD Natural Gas (SNG) CO2 (pure)
0—=_10.5 kJ/ Mol yp0g

CHi 220060 T3ATEHE0 &5 — 02 0.51125CHa + 0.48875CO»

Gassner, M., and F. Maréchal. “Thermo-economic optimisation of the integration of electrolysis in synthetic
©OFrancols Marechal TR¥IFAT S b duction from wood.” Energy 33, no. 2 (February 2008): 189-198.



(Wil Closing the energy balance

Integrating heat recovery technologies in the superstructure
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(il Process integration of the energy usage
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(Wil Comparing options

e Each point of the Pareto is a process design

Thermo-economic Pareto front
(cost vs efficiency):

1600
. Gasification:
e FICFB
= 1400 o airdrying
:\; A + torrefaction
= 1300 X steam drying
oy ¢ + torrefaction
§ 1200 pressurised FICFB
€ 1100 * airdrying
%’ * air drying, gas turbine
5 1000 > steam drying, gas turbine
E _— * + hot gas cleaning
3 CFB-0O,
g 800 © airdrying
a

v + hot gas cleaning
X steam drying
o + hot gas cleaning

pressurised CFB-O,
gasification =

600

56 58 60 62 64 66 68 70 72 74 76 78 80 82

SNG efficiency equivalent [9]

Note : 1.5 years of calculation time !

Gassner, Martin, and Francois Maréchal. Energy & Environmental Science 5,no. 2 (2012): 5768 — 5789.
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= downstream
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(Yii Plant location

Area = 40 km2 Process Size => Investment
Energy wood avallability (ESA maximum) .
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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

| = LCAmodel flows, added NOx PM C02+ (;"099”" yps; Zn0 €02 fossil) i AIZO3 FNG (substituteq)
’ 0ssil) |
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L |

= 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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(Wil LCA based design

e Optimal configurations

x10~° Thermal capacity as input wood [MW1th]
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Land & supply chain are constraints

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

o Selecting the process in the Pareto set

Obj2

Pareto optimal front

Select which optimal
process configuration
_under which conditions ?

A
for given economic 9
scenario N
\‘
Obj1
Decision
criteria
parameters Distribution
functions
Obj1
Ranking
# of times
intop5

Solutions ranking
based on probability

— Decision-making support

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

Obj1
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(Wil 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 " Sampling
Resource price [$/GJ,.] 9.7  14.2 5.5 = Normal distribution
(ku1nn1tax[$/uhog] 35 20 55 $

Yearly operation [h/y] 7500 4500 8200 s

Expected lifetime [y] 25 15 30 3

Interest rate (%) 6 4 8 =

Investment cost [%)] -30% - +30%

0 S 10 15 20
Resource price [$/GJre)

1 7 ® 4; Beta distnbution i HIRER| |
f(z;p,0%) = e~ 2(%5%) S 3 I 5 f"l KRN
o 2H éz l ’ ‘ ! J
1 : | 1
f(z) = O 1t 4. I ’ I ..!.uu T !. : I
o il [
oo . i ,
f(z;a,b) = est-a®-(1—az)0 % 20 40 60 80 100

Carbon tax [$/tcez]

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



(Wil Decision-making

e Relative competitiveness of Pareto solutions

—Ranking with regard to most economically competitive solution

COz capture [%)
1 100
Post-comb, -

g; MEA “' ;& 20
@ 08 G 80
8 Pro-combd ~
2 ATR Selesnd 0
@ 06 60
5 | 50
8 0.4 o0 o N 40
.% e ?A 2.9, 30
T 02} Cza. e Pro-comb L
x : - BM Seloxcd 10

. %o . : .

20 30 40 50 60

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



(Wil What is the best process design ?

Pareto optimal configurations => new process model for the energy system design
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(Wil Large scale integration : multi-grids

e Resource productivity e SNG =75 %
o Elec = 2%
e Heat =13 %

paaee SUupply chain

I Gas grid

UN0IC natuiral gas! 75.1 MW

i 02 grid

;-_r:.::’..:_' = |'r" 1/ ,6 - |.4 MWe
veating 00 - 13.8 MW'th

District heating lectricity



(Wil Smart Energy Systems : Problem statement

CO,-eq: sukisystem s CO,-eq: electricity import
A INP Ns . ! Ng i .
m Mco. = Z[Z(us,p xIsp) + Zlfyp + Igria p] X Ap
= p=1s=1 f=1 .
< *Integration of
- CO,-eq: import fuel
o . *Local resources
S *Demand profiles? R bl
% \°Connection? : enewanie
> Y_j R
-+ / "4
Q_’ /" - \\
m '
= ’
o
(@]
-+
7 R - -Industriql plant
\ }l ,/ - - 23 :
‘Type? E ! sLayout?
*Size ? y ad a3 # 1 %‘, *Size?
"Location ? >'.%.n.£" City | 37 *Local/global?
*Centralized? Central ' | g
*Decentralized? power plant i
— \ e ' |
! \\- - ; |
- - :
- :
L. —— :
<+
- dC]
Buildings (1)
" Building T%’h " Building
Decentralized boiler . .
Economical analysis
AVariable operating costs
[Ns Np : VN &= i(14i)™
TAC =) ) (COVI,, Xysp+COV2p xusp) X Ap + Y (COF1, x y, + COF2, x u,) + Y CI, x Ee T
s=1p=1 \s:l } \s:l ( +1) - }
Y

Fixed operating costs Annual investment costs
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(Wil Process integration in buildings

e Definition of the energy needs

—Heating :
—Air renewal ! H_<
— HOt Water | : l".'.-.n:-:c'r'c‘m‘-:»'a:..":*’3;-17"C;" /\
—Waste Water ==
—Airrenewal N _© | 4

g emperature *

s [+, Chauffage Ts‘ T, I

: b o o >

, f'.,_f‘ . Tw Twmin

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



(Wil Local heat recovery

T(C)

‘ recoverj
20 | ————— A I e e .
! ! | ! !
0 50 100 150 200 250 300 350 400
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(Wil Local Heat pumping on waste water

80

60

Heat pumping on waste water

20

-20

- Heat exchange
- Heat storage
- Water storage

©Francois Marechal -IPESE-IGM-STI-EPFL 2014
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(Wil Define the demands of a district

©Franc

e Characterizing the services

0d

Ot lg‘.‘. "?'

Heating Power o

’jﬁm

D
o

Heat power [W

H
o

O

= W
20 ’ —_—

Seasonal temperature

bl ariation
For one building varat

Heating signature

“ Summer ) Mid- Winter

Ltdoor temperanure TOW [*C

for all the building in the city.”
cooling threshold
temperatures 77°'

heating threshold
temperatures 7%
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(il 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 0 Network superstructure N
Cas 1..T‘ Electricity
e Mk TP Industry [ —>
cgaszng;Ht%é}j’t Qur QQI"TQQLT (erid
Electricity Q R g Q
Q I J Power 1"T \\\
('erid lm Emissions
v \ COx5*
MI));%@? P _ C 0,8
Ql..T"" NN =l Q1
Investment  nem Maintenance
Cplpes (Gaka— Z Z Qe + Qe * Se,k
e=1 k=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

Potential = 330 Wy,/hab

Heating &
P e Sdueen & ﬁ% Usable = 185 W/hab
—— DO Heat demand = 440 W/hab

S e eee Month heating demand [kW,,]
PO b, ?’ Electricity cons. = 33 W/hab
r mc';' o <1 kWe
| 40 /o - i ® 3 kVVe
g iiF Nl
Biogas 9 kW
440 kWi, 1000 hab )— skw
=1 15 °C
40°c LIS Sludge 6 kWi
329 kVVth 5 |/S/1 OOO hab 9 kWth
1 8 OC ‘| SOC_‘] 6OC 200 kVVth
60 kWin ) 350
7~
COP =6.2 ~ COP =4.8 X
10 kWe 50 kWe '
Network
N—r N .v
70 kWin 250 kWi

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



(Wil Carbon valorisation of a renewable energy source IPESE,,

0
co rom gri
"M Electrical Grid ehomort SOFC SOFC.GT l co, [ o
R Schiffmann-Vanherle > ata centers
X___ €0,
< Hawgid 2 o, City buildings
\ Liquid Methane Storage Liquid CO2 Storage R
Schlffmann | g <—/’\
Batterie H2 storage
FormicAcid (Laurenczy)
\ ) Hydrate o,
1\ )[ Methanation j [ Solid Oxide Electrolysis W<
> <
H, T Zuettel VanHerle ~
High temperature solar tower
Hzto grid Micro- algae H2 CH, +CO, T Solar Dish
Fisher (HES) Haussener, AirlightEnergy
J ™\
Redox Flow bat. Bio methanisation Sludge | HydroThermal Gasification
Girault (STEP) Kroecher/Ludwig
o ) N
2 2 Air Salts
< 0 & 11
Micro Algae
Water Treatment .
Waste H,0 Electricity management I HYbr.ld Concentrated PV Dye cells photo bioreactor
1 BlueWatt Eng. A IBM/AirlightEnergy/Haussener Nazeeruddin/Ludwig
C(H20) 1\
: »
®

Electrical Grid
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(Wil CO2 District heating network for multiple sources

Hvap = 180 kd/kg Space Heating 1‘ " ;
T=15°C-13°C Industry ]
Lig :0.8 kg/l Servi )|
. ervices ‘| :
Vap:0.15 kg/l WS w Intermediate HP cond

e Intermoduate HP evap
s CO2 cond

Pressure regulation "R

Camot Bxctor [%s)
-

Central plant 2 Space heating
2 ar ;
bquid CO2 (13°C)
{ L483b-V:4730 %
CO2 vapor (15°C) Heat hoad [KW)
a. CO2 petwork for air conditioning
'

Central wtility ,
(operating as a beat sank) 3 9l w—CO2 evap
- , Air conditioning e —— Ax condsticeung

Exchange with the environment 3. 250 £ ol t i .
"'“:‘.".‘:’.":‘.‘.“.f""' Users: :*E " A

' . [} [ ] [ ] [ ] ..

:‘ ; Air Conditioning G

~eemest = | Data centers al
Cross section = Cross section water/4 Refri g eration

£

q

0 : ! Y y 10
e Heal fowd I A l
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(I{{l 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/year
«Offices: 60 % inc. data center

Cooling 49.4 GWh/year
*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%

Cost of services :

e Initial Investment: 25%

o ol 56 % related to equipment Investment !
Maintenance: 11.3%
o 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



(il 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
e decentralised and centralised units
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(Jil District heat distribution cost : cts CHF/annual kWh

Clustering Approach

Indice de coit des réseaux cts/kWh |
Température aller : 90°C.

B 065-1.08

e Building density I 1.09- 145
b . 146-1.94
- nb+m2 . 1 195-256

e Power density -3.29

e Annual energy

Ap
LpHn = 2(Np — 1)K m
b

*
Tsupply = Treturn + (Tsupp/y — Treturn) - (1 +
Tsupply - Tground

floss,ref Tref — Tground

. _ .
QpHN = MpHN Piuid (Teyppry — Treturn)

4mppyn
dpHN =

Tvsp( TsTlpp Iy )

1
(c1dpun + 2)LpHn —
T [CHF/kWh]

CpHn = -
QpHN

Girardin, Luc, Francois 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.



(Wil Clustering in sub-systems

Green area
River/ground water
Road

Railway

Building

9, coordinate [m]

1.35F [F555) woody biomass
m Geothermal &1

mmmm Ground water
& Waste water plant

m Lake water

1
5.05 5.1

4.85 4.9 4.95 d_s te [m]
g, coordinate [m X10°
15~ 1.5057 "
1.495 151
1401 1.495
L
4 o 1H9F
5 14851 5
= £ 1485
] 5
S 148 S - e
o O 148
> o o
o L o
1.475 1.4751
1.471- 1471
1.465— 1.465~
1.46! 1 1 1 1 1 1 1 1 I
1.46 L L L L L | 5.78 579 5.8 5.81 5.82 5.83 5.84 5.85 5.86 5.87
578 5.79 5.8 5.81 5.82 . 5.83 5.84 5.85 5.86 5.87 . x10°
9, Coordinate X10° g, Coordinate

382 Buildings
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19 sub networks



(Wil Clustering techniques for typical days

e 40 time steps : 7 days*5 time sequence + 1 Extreme * 5 time sequence
=> instead of 20*8760 hours

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

Heatmg and hot water demand with 8 segmented typical perlods

" - S gll-w;}%&&m i

'?Il

500
U u ]

Heat Load [MW]
> o
8 S
s'
i‘qﬁ

1ooo 2ooo 3ooo 4ooo 5ooo eooo 7ooo eooo . . .
.5 150 Electricity demand with segmented typical perigds JL Va | | datl on is pe rformed
£5 b W MML, 8 “'““M“
.E l_-) 1'“
m 2 % * 0.3-4.1% errors
0 1ooo 2ooo 3ooo 4050 5050 sobo 7ooo sooo ° 40 -l-l mes fa ster
o \ \
g Electrlmty price W|th segmented typical perlods _
o=
_.E-E Aj.nlu
8 § ____ Original
,3 2 profile
ﬂﬁ - \ \ \ \ \ \ ® Day1
_ 1000 2000 3000 4000 5000 6000 7000 soo e Day2
E Solar irradiation with segmented typical periodsd LDC for Day 3
E y
‘e ‘ T \ \ ® Day4
_‘(:7 800 ‘ ‘ ‘ Day 5
% 600 ‘ : il ‘ Il ® Day6
S 400 : I | | AL LS e Day7
5 ol I_WW ! o Q055 M H i ”w Uliae ;“M@ b _e Daye
[} l‘ ||||||| - N [l - o~ -
B o8TTR-emR ,

2000 éOOO 4000 5000 6000 7000 8000
Hour of year
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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 0 Grids
1..T
Gas ——

c9as — i i Z Qe k t Ql..T p \':*,try Ql..T Q],,T Cgrld

Electricity

e=1k=1t=1 /)
Electricity T AN A ‘
. Q.. o1 Q1.1 N\ -
and Emissions
R / ‘\‘~~\~ N\ 'é

COx5*

ngﬁ’e?’p CO,&d
Qurdl” Mtijp  ——— e | Q) 1

treat.

Fuel plan

Investment | i Maintenance
CplpeS C'"Y = Z Z Qe + Qe * Se k

e=1 k=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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CPF Multi-objective optimisation algorithm

I-Data ll-Master non-linear optimization (EMOO)
Structuring M o
S aster optimization
D] '@ S € Evolutionary, multi-objective TAC, EFF, MCO
Conversion algorithm
technologies i @
S N3SavemiP Y, U, ¢ 11.2-TES ™
! efpitlulez fo {21 Tin/out: tco, Thermo-economic \!
Energy | L P\ Simulation models_'!
demand profiles: i Optimization: i |
Typical periods ! - Energy-integration : s :
T i - Mass & energy balance ! : :
@) i - Distribution networks i Q. tin/out 1 t_| Thermo-economic |!
[ :*" - Thermal storage | TSP SR tsp /S",p" I state of selected :
! : M p, Cs, Ug @I\\ equipment ,,'
' | AN ”
Energy sources : l@ | i -
1 I PG e Tttt N
4 Optimal system ! :' L.4-EE :
i configurationand (@ s+ Ys.p L} Environomic evaluation: | —
Peak load & \\ operation /, Us, Us p :‘ {EFF, TAC, Mco2} i
Backup equipment ) - N e s

A list of “integrated
zones” based on
GIS data

Pareto (FTTTTTmmmmmmme S [fTTTTTTTTT s \

optimal \ I Sensitivity ! I Performances i
" analysis ™ evaluation }—P Final decision
\ ! /
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C. Weber, (2007), S. Fazlollahi (2014)




({¥il List of technology o_ptions in the data base

Resources Conversion Technologies Networks
A A A
- n L —— D - -)
Sollar. Gas engine ] Waste-water Local district E
| Irradiation N\ treatment )  heating networks | :
( Geothermal ] f e ([ Gas boiler . .
N heat ) L a L (centralized) ) GIObaI dIStI‘ICt :
p . ) _ \heating networksj
. Gas boiler
Natural gas Combined cycle :
y L | (decentralized) |
Electricity ) ( : ) ( h Services
_ import ) Incinerator Steam cycle A
) \ ) ° X ’ . 2
Woody - N 2 Energy services )
. | biomass | Heat pump Biomass boiler .
] ) J [ Space ] [ Domestlc]
U , - N heatin hot water
¢ Waste to be treated : : : ] &
Biomethanation Biogas boiler
Municipal ] Waste- ~ 7 X < E|ectricity
solid waste water ( ) [ ) .
— Gasifier Biogas turbine
Municipal L ) U y
Organic waste - N D
Air dryer Biogas engine

& J & J
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(Wil Each node is a process with network connections

[
el = 0.J1468 + 0.0179 - log(S) D Gsubne | g M — ‘

tech e
e =0.8 — ¢! Et,k,e Local ww

. k
ot- — - ~.=.— - — - tech —rerl'rnvlvgle:% _ne
7ihot - t,eC,eI yPAC t><
|

hot '_—Tcold- f,k’ >

I
; -@ Heat-pump X Qnet_ww
I aw Heat-exchanger W t,k .
| _L'Jt L ke
1T Qtech v
' t,k,e '
| .
| Central technologies ;
| & processes | A/build ‘
| > ’ t,k . 71
; i)(l)ciler Q?‘Z |
. Y ’ Local |
| -@ technologies |
aw ! .
Water: mii, ; PAC_i)ngelg ) | ¥\_/at?]r_. Mio,
Tin, hin ‘ in, hin
’ 'Supply pipe |
i > aw | >
return : moo, | | P L |
Tout, hout | —T
<OU , NOU :Return pipe <> ‘ P
77777777777777777777777777777777 — return : mo;

cons

£ | Electricity ESP Tin, hin

»”E
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(Wil MILP process integration model @node k

Heat echange by

cascade model

Water: mij,

Technologies w, @node k period s and time t(s) )

Demand @node k, period s and time t(s
/

eAar T l.."l ,I', — | Yr = 1. ",
" ll.l — i i [ |
St +ET ~E,~E 0

2 - ( ‘ ' . l }
heat demand
1

l_{ HEX h,,(t)
e tan

Buildings inertia

st l stnl
‘—{HEX (1)}—‘[ ‘—{HEX/ (‘)}—T ‘—{HEX (‘)}-M ‘—{ HEX c(t) }—T L\HEX (‘)}J

Water: mio,

T hin Tin, hin
u its for heat integratio HL: Hoat 105008 4' >
return : mod,
Tout, hout
< T
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S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul.-Period Optimization of district energy systems: Il-
Daily thermal storage, in Computers & Chemical Engineering, 2013a

return : mo;,
Tin, hin



(Wil Virtual power plant Operation

Water grid Waste Water Grid

Natural gas grid Electrical grid
A

\4 Batteries

Big Data grid
A

Cons. profiles

Price
v Rese
Meteo

HVAC Solar panels
o
‘ @
> Domestic
f Hot water tanks v
Buildings
—>
T storage Small industries
- Comfort
T/Air
People
ight

Heating/Cooling
tanks

T storage

Smart Optimal Predictive Control Management Box

Smart info (WIFI-GPS-GSM) T ambient
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PV




(Wil Smart predictive control management box

Grid connexion

Tariff info

Sensors

States database

(Current state & previous states )

- Matlab )

(House structure

Optimization Problem Prediction
data set -up
¢ Y
System System Previous Predicted Actual
Equations & parameter states data State data
constraints values
| | |
I I |
.mods
MILP PROBLEM DESCRIPTION MANAGEMENT
(AMPL )
UNIT

OPTIMIZATION ( CPLEX )

* * *
ucg lub l U iy l U

Set point strategy

Collazos et al., Computers and Chemical Eng. 2009
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(Wil Process integration : do not use batteries

CHP : 2000 kWe Mean heating power = 3000 kW
Heat pump : 2000 kWe

4% E|_Sell cost

High electrcity cost during the afternoon & El purchase cost

Storage tank = 200 m3 Heating : 72315 kWh

Electricity : 77897 kWhe 01

Electricity out : 5650 kWhe
Electricity bought : 62894 kWhe

Electricity cost (cts/kWh)

) iod
Electricity out : 4407 kWhe
Electricity in : 1269 kWhe 002
Balance : -3138 kWhe

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Hours of the day

k-
of
oy

10 T3

25 0.14
Hours of Pa by #E|_Sell cost
X #-E|_purchase cost
svo0- Low cost cost during the afternoon
Storage tank = 200 m3 o

0.1

Electricity in : 99596 KWhe 3
§ Electricity out : 8710 kWhe E .
Electricity in : 19345 kWhe > 06
§ Nesaaes 00000
i _ Storage filling at night e e
10 15 20 25
Housh of Ta dey 0.02
Empty storage tanks before cheap elec price  Storage : 22480 k\Whe/day
10 hours of operation 0
F|" Storage tanks dunng Cheap elec pnce 001 23 45 6 7 8 910111213 14 1516 17 18 19 20 21 22 23 24

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

Round-trip eff.: 60%

CHARGE

Ebctik Nebtwork (o other avallable mech, el power )

ot storage  HOT WATER

hot stor N

—

wl

Q_dot_HP HS

140 bar

TRMM:RITI(& CO2
HEAT PLRP

25-30 ba

0

Q_dot_TEMS

Hot Water Storage

Transcritical CO2 cycles

DISCHARGE

Ebctk Network

......... _.._..7//L.._.._.._.._.._.-_.._.._4.

!
25-120 °C |
|

cold storage  SALT WATER
KE

cold storage

/

Alr-fon

TRANSCRITICAL CO2
THERMAL ENGINE

400 .........................

w
a
o

T T

Temperature [K]

w
o
o
T —

___Thermal engine
___Heat pump

A

19575 | 185 | 19625
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% o _ Solar Heat
Waste heat : 40 % District heating supply Waste heat
CHARGE ARGE
Ebctik Network (or other avallabke mech, e Elctik Betwork

SEELES e s o 5 s s e I S i i e A

i hot Storae |

i ' . i
W_dot_tp ] Eer ,

| Q_dot_ HP HS Q_dot_TEHS W _dot_TE

A |
% Ak-fan b ‘

. Jet —_
CO2 networ @ a é CQO2 network
< ¥ >

! 1
TRANSCRITICAL I I LI
HEAT PLMP

SALTAWATER cold storage sCRITICAL CO2

ICE THIMAL ENGINE

District cooling supply

Heat from the environment

Heat to the environment
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({il Long term electricity storage by converting electricity to fuel

Power to gas concept
Electricity form the grid

SUN max 0.50kWe/kWsna
I &x
C02 HZO l A - QUM)( . _.!urrv\.‘ \
t.ﬂ_. 2 s Electsolysis .f - | Combustion (1

wTRETS -l 1{ 1l
o ) ) ) )

1.0-1.5 kW

Carbon source

WOOD Natural Gas CO2 (pure)
CH1.3500.63 + 0.3475H,0 21 =104/ moheod () 51195CH, + 0.48875CO;
+ 4 Ho > + CHgy -CO2 +2H20
AE* + 41,0 =,
+20 ACHA47T
Storage as transportation fuel Ne = LV _ 857
AET

Gassner, M., and F. Maréchal. Energy 33, no. 2 (2008) 189-198.
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(Wil Round trip efficiency of electrcity storage

e H2 electrolysis integrated in SNG process
—CO2 emissions are negative (wood carbon neutral, CO?2 is captured)

ne = ACH4, v _ g5y
AET
e CH4 conversion NGCC (CO2 = 0 because C biogenic)
-
= = 60%
YT oHs, T
e Roundtrip efficiency E’—

» Long term storage on the gas grid !



(Wil If Electricity production efficiency increases

e Hybrid gas turbine SOFC combined cycle

B sy
Foni Processng ) | ld = CH4}JLHV ¢
CH4 - gy ey 7
Bio CH_4’ | | —>Elec 80%
100% - —sHeat 12%
. | - —p H20
n = fors — 689 A battery is 80%

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



({{il Multi-objective optimisation : application to a canton

IPESE _

* 3 Objectives optimisation

* Scenarios generation Efficiency [%]
8- ~ ' 78
7.5¢ Reference case:
Decentralized boilers
7,
67.4
2 65
L
[
S o
g Scenario 2: . I56.8
>, Local networks
w 55"
: .
.g Scenario 3:
o 9 Global networks
£
q, B '46.2
o 45-
¢
3 X
4+
o XX
3.5 e 35.6
[ ]
i *
Scenario 4 Gesoeipos
[ ]
[ )
25 | | | | | | | |
1300 1400 1500 1600 1700 1800 1900 2000 2100

Total annual costs [Euro/an/capl
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450,000 Population

246 km?

60,000 buildings

4637 GWh/year space heating
954 GWh/year hot water

870 GWh/year electricity
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(Wil Integrating Renewable energy : Seasonal storage !

3 Gl © Charging : Summer
SUN to Fuel D d
Solid Oxide co-electrolysis l

Land m2 constrains

Hydrogen generation | Gaseous H, Methane generation G Compression &

S 350t0400°C i —>  dehydration
950°C & 10 bar | g 20 bar o 49 bar
e Steam :
A A | 9
Gaseous co, E
=12
Roundtrip = 55 % < \

=
=]
HD
<<
{ .
< 10)RIISLIY J

Grids & process intensification

\a) Storage mode

SOFC-GT @ eemanliQuUId CO2 Liquid CH4

CO2:48b User: Space beting D Gaseons > | - o W
Hvap =180 kJ/kg SpaCe Heatin;i' 2 \\9 \( | CO, H,0 and unconverted CO and H, ’v D |Scha rg I ng . WI nter
T = 1600 _1 3 OC e — Compression &

qu :0.8 kg/ | Poweor generation del:‘)id':::ion

Vap:0.15 kg/l i = C;;“”’\' :
Pressure regulation oap / Ngé
Central plant Depgeted e _l
_____________ Eaire el 2 2 \(
X iquid CO2 (13°C) H,0
Lﬁ‘B L:48.3b-V:47.3b
— 02 vapor (15°C)
J— I
3 A
H,0 "

¢ utility x <
(operating as a heat sank) * A

Exchange with the environment 1. 315

N oms aiedlo sl (b) Delivery mode |_|CIU|Id CO2

f O Tank emptying Tank Filling ctive Inactive
() \ 4 -
|

""" : : -~
e e USING Waste heat for heating/cooling purposes

Liquid CH4

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



(Wil Power train optimisation

Collaboration with PSA

Waste Heat Recovery

* ORC integration

600

(o))

a1

o
T

\

[$))

o

o
T

—Others

—utilities

AN

N

a

o
7

Temperature [K]

N
o
S

w

(o]

o
T

b\

300F Vi

-
>
=}

Component set

|ICE -> Drive

Fuel cell

Batteries

El Motor
Pneumatic storage
Transmission line
HVAC

| Driving cycle |

- -
© o n
o o

T

Vehicle speed [km/h]
3

401

Energy conversion I
=> Size & Weight & Cost Figure 6.2 New European Driving Cycle.

Operation strategy

285 20 -1
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-10 -5
Heat Load [kW]

(a) Operating point: 2000 RPM and 2.2 bars.

0

(c) Hybrid traction




(Wil Power train Multi-objective Optimisation

- Decision variables
- Component sizes
- Control strategies

- Evaluation

- Driving cycles
- Seasons
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(Wil Smart engineers/ Smart Businesses / Smart systems

IPESE

Smart engineers

Buildings

Efficiency

Retrofit

Refurbishment

Services

Design Sizing

Energy services

Renewable energy solutions

Building complexes S :
JIOMPERES District Heating
Small and medium industries
Smart Systems
<B Smart metering
Users 9 k |
= ® Electricity consumptions
* Power plants GEJ e Heating/cooling
* Industry (@)  Renewable energy
* Buildings g
e District systems <
e Storage i d
: == Smart comman
O .
' o WIFI set points
© .
= e Tracking
: = e Distance management
Equipment B8 ’
* Heatpump & Smart Co ntr0| Price signals
° i @®
. g\(;generatmn £ e Adaptative
* Batteries § . (F)_ft“;“a' Consumption profile
e Storage tanks g e
© * Renewable energy
e Thermal solar c _ _
o HVAC % integration Power/Energy reserve
o ¢ Demand side Management
* Refrigeration
Building stocks/micro grids




Gﬁogaﬁ $ssEues

Energy transition for a household s

Today's consumption : 100 kJ of Natural Gaz

Gas grid

71/100 km

Natural Gas

100
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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
%g 5.‘ Véhicule Elecerique
700 $/cap

oy

-50%

One more Sustainable energy system
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The energy system for the household

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
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({fil Energy transition needs smart process systems engineers

e 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

o fuel/heat/electricity/storage/waste treatment

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



