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e Energy system analysis
—defining the requirement

e Energy system integration
—Energy conversion
—Networks

e Multi objective thermo-economic & environomic optimisation
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—Optimisation strategy
—Optimisation tricks

e System boundaries

e Conclusions



il A multi dimension approach
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(¥{l Problem statement
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(il Multi scale approach
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Figure 1.15: Log-log plot of the magnitude of the spatial scale to deal with in urban studies.
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({il A Building as an industrial process

e Definition of the energy requirement
— Heating

3

- Heat demand by building simulation models

=)

— Air renewal
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il Local heat recovery
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{{il Heat recovery and reuse in a building

Heat cascade approach (Pinch Analysis)
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ENI Systems

Conversion system

» Electrical (?)

» Boilers (90% Nom eff., 80-85 % annual)
» Fuel Oil
» Natural gas
» Biomass
» Cogeneration
» Decentralised => engines, fuel cells

» Centralised => Waste incineration, NGCC
Biomass + ORC or Steam

» Heat pumps
» Air, Water, Geothermal,Waste heat

» Solar technologies
» Heat and electricity

Y (Wl
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MILP formulation
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Logical relations
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Targeting the optimal integration : model

e MILP formulation
Gas turbine g : hot stream from ToT to Tstack

QY = fq #1mgxcpfy + (TOTy — Tstacky)
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(Wil Integrated systems

e Integrating several energy conversion systems
—Higher complexity - higher efficiency - higher investment
—flexible operation
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Wi Local integration data center integration
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(il Generating order list of Integer Sets Solutions

e Integer cut constraint
—assuming that we know already k solutions

—problem k + 1 is defined by adding to the
previous MILP problem the integer cut constraint

ProblemFt1 -

Problem”

where yf value of y; in solution of problem k



(Wil MILP optimization

e Linear programming
— optimum defined by constraints
* max/min
* Pinch points
— Cost may create strange results
e if electricity is cheaper than the fuel, a heat pump becomes an electrical heater
— Integer variables for technology selection
* Can be used to select among options

o Heat balance constraints
— if the hot and cold utility have not the appropriate levels no solution is

found
— max flows may prevent to close the balance Yi - Jmin < F < Yi* fmaax
— max flows may prevent convergence 1. < 0.000001 - 1000000

is y; = 0.000001 =7 O or 1

o Additional constraints
— have to be satisfied
e Need to analyze solutions
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(il Changing the scale

e Characterizing the senvices
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1.0Offices statistiques
- RegBL (OFS),
- RCB (OIT)

’ Symbole Description Batiments Batiments mixte
d'habitation |avec habitation

EGID Id. fédéral de batiment indispensable |indispensable

GBAUP Période de construction obligatoire obligatoire

GHEIZ Systéme de chauffage obligatoire obligatoire

GENHZ Agents énergétiques pour chauffage obligatoire obligatoire

GWWV Installation de fourniture d'eau chaude obligatoire obligatoire

GENWW Agents énergétiques pour I'eau chaude obligatoire obligatoire

GKAT Catégorie de batiment obligatoire obligatoire

GASTW Nombre de niveaux obligatoire obligatoire

GKLAS Classe de batiment obligatoire

GAREA Surface du batiment

GRENP Péricde de rénovation

STRNAMK' |Désignation abrégée de la rue

DEINR N° d'entrée du batiment
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C
Methodology : overview @

A geographical information based system for the evaluation of
integrated energy conversion systems in urban areas

 GIS Database creation s building database

. . Model
» Database validation Measurements | Calibration ]

O Buildings

Estimations statistics

 Simulation | J

»{ |Building model I
* Energy integration MJJ
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. Urban area L
i Evaluat|0n definition Predictions
Composite \’/,__4
- curves

Geo-referenced EnerGis Modules
erGis Module "
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Source : Girardin L, et al., EnerGis: A geographical information based system for
the evaluation of integrated energy,
Energy (2009), doi:10.1016/j.energy.2009.08.018




Table 1
Annual energy requirements.

Category Construction/renovation np gPoil + o T gooi qBses . q%%0s, ¢ q5%%s. ¢ Electricity
[-] [kWh/(m? year)] [kWh/(m? year)]
Resid1 <1920 494 166.17 +3.11 69.14 115.27 34.28 0.00 27.78
Resid2 1920-1970 2533 181.39 +0.82 41.51 128.97 34.28 0.00 27.78
Resid3 1970-1980 938 174.84 £1.20 36.80 123.07 34.28 0.00 27.78
Resid4 1980-2005 1582 135.28 +-1.06 42.24 87.47 34.28 0.00 27.78
Resid5 2005-2020 0 - - 38.77 34.28 0.00 27.78
Resid6 2020-2030 0 - - 26.60 34.28 0.00 27.78
Resid7 <1920 Renovated 0 - - 35.12 34.28 0.00 27.78
Resid8 1920-1970 Renovated 0 - - 52.17 34.28 0.00 27.78
Resid9 1970-1980 Renovated 0 - - 47.30 34.28 0.00 27.78
Resid10 1980-2005 Renovated 0 - - 54.60 34.28 0.00 27.78
Adminl <1920 29 137.05 4+ 12.04 64.86 111.92 11.43 0.00 22.22
Admin2 1920-1970 32 136.88 +6.15 34.80 111.76 11.43 0.00 22.22
Admin3 1970-1980 18 141.64 +8.11 34.41 116.05 11.43 13.15 22.22
Admin4 1980-2005 27 124.18 +£9.59 49.81 100.33 11.43 19.11 22.22
Admin5 2005-2020 0 - - 55.63 11.43 25.37 22.22
Admin6 2020-2030 0 - - 44.45 11.43 27.99 22.22
Admin7 <1920 Renovated 0 - - 52.28 11.43 25.98 22.22
Admin8 1920-1970 Renovated 0 - - 67.92 11.43 26.03 22.22
Admin9 1970-1980 Renovated 0 - - 63.45 1143 27.55 22.22
Admin10 1980-2005 Renovated 0 - - 70.16 11.43 25.49 22.22
Table 2
Design temperature of the domestic hydronic system.
. C O n t eo oo 8 O ty p e S Category Heating [°C] Cooling [°C] Comfort [°C]
T?SSE)ly, 0 ﬂ'leet‘ﬁrn, 0 T{lreat T§r0 ol Tint
Admin1 65.0 50.0 16.6 18 20
Admin2 65.0 50.0 16.7 18 20
Admin3 65.0 50.0 16.7 18 20
Admin4 65.0 50.0 16.4 18 20
Admin5 415 339 16.0 18 20
Admin6 39.6 32.3 15.9 18 20
Admin7 544 441 16.1 18 20
Admin8 544 441 16.1 18 20
Admin9 53.8 43.8 16.1 18 20
Admin10 56.3 453 16.1 18 20
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(Wil Building stock characterisation
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Figure 2.14: Annual heat-energy final consumption per building type. 2.15.2: Building with several households (ResidCollec-
tive)
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(Wil Building stock and norms

Heating energy requirement [MJ/(m2.year)]
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(Wil Effect of the refurbishment

Galculs d'indices de depense
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il Where to act ?
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Figure 2.25: Evolutionary curve of the potential of building’s improvement actions.

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



Wil What is the effect of refurbishment

Savings [MWh/year] by zones,
if all buildings are refurbished
in 2030.

Fig. 8. Savings by zones at the horizon 2030 if all buildings build before 2005 are
refurbished.
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(Wil System integration
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(Wil Integrating the demand : the whole canton

80 - Minimum power requirement for heating E,G’C’

and hot water production (Mid-Season) | |
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Heat power réquirements Epvc for residential and administrative buildings.

Temperature [°C]

Category Heating [W/m?] HW [W/m?] Cooling [W/m?]
Summer Mid- Winter Annual Summer Mid-  Winter

40 season season
Resid1 3.71 11.29 27.72 6.26 0.00 0.00 0.00
Resid2 427 12.68 30.86 6.26 0.00 0.00 0.00
Resid3 3.98 12.05 2951 6.26 0.00 0.00 0.00
Resid4 2.89 856 21.25 6.26 0.00 0.00 0.00
° Resid5 133 3.83 9.58 6.26 0.00 0.00 0.00
30 ) . ... Resid6 0.89 2.62 6.60 6.26 0.00 0.00 0.00
Ce n a r I O S Resid7 1.18 3.46 8.69 6.26 0.00 0.00 0.00
i Resid8 1.75 513 1283 6.26 0.00 0.00 0.00
: : Resid9 1.62 466 11.66 6.26 0.00 0.00 0.00
: . Resid10 1.85 538 1342 6.26 0.00 0.00 0.00
B . _ Adminl 3.73 1099 27.64 2.09 0.00 0.00 0.00
20 S - . ... Admin2 3.72 1097 27.60 2.09 0.00 0.00 0.00
B B Admin3 3.96 1144 28.60 2.09 7.77 495 0.00
. Admin4 3.35 9.88 2492 2.09 11.30 7.19 0.00
Admin5 1.92 550 14.13 2.09 15.00 9.55 0.00
’ | I ’ I | I | 2 O 3 Admin6 1.55 439 1136 2.09 1655 1053  0.00
) Admin7 1.76 515 1330 2.09 15.36 9.78 0.00
1 O B e . .. Admin9 2.30 6.72 17.15 2.09 15.39 9.79 0.00
: N N Admin0 2.19 6.29 16.06 2.09 16.29 1037 0.00
—— ] ) Admin10 2.41 6.95 1769 2.09 15.07 9.59 0.00

Minimum cooling power requirement _
i i i i

i
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0)
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ENI Systems

ENERGIS : urban energy integration

» ENERGIS
» Energy services georeferenced

Heating & e B 266 0 Cooling Power [MW] at 21 °C
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E Reference: Girardin et al., A geographical information based system for the evaluation of integrated energy conversion systems in urban areas,

& ECOS 2008
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(il The urban system integration

e Multi Energy services

Electricity

Heating

Cooling

Hot water

Refrigeration

Industrial processes

- Heat integration
- Composite curves
- Heat-temperature diagrams
- thermal distribution
= Seasonal profiles
@ stochastic !
= Evolution scenarios

= huildings stock

= refurbishment
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@ENI Systems

Heat pumps and local renewable resources

» Local resources
» Air
» Geothermal
» Surface water (lake -river)
» Waste water
» Industry waste heat

_ (gl
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ENI Systems

Resources localisation

Y,
Most appropriate Heat pumps ,};}
technologies by sector ,//é
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7/// Groundwater

¢
SN
(53 RS

TSR
A

(il
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(4l

Table 4
Theorical COP efficiency factors.

Type Size T ncor(2005)  71cop(2030)
Air/water Local Toxt — 5 0.34 0.38
Ground/water Local 2 0.43 0.48
Water/water Local 3 0.43 0.48
Geostructure/water Local 6 0.43 0.48
Surface water/water Centralized 6 0.55 0.60
WTP/water Centralized 12 0.55 0.60
4
A HP Water/Water 5/50°C
38 O HP Water/Water 0/50°C QA%_ L
O HP Water/Water -5/50°C 0@94 - o
361 nco ey
/AN
% 34+
N\
O
5 321 A
Q
2 3
3
S 28}
26
2.4
2.2

6 62 64 66 68 7 72 74 76 78 8

. ATlhot
Theoretical COP WZTZCOM
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Optimal COP
Scenario 2030

>

LS

Fig. 13. COP map considering the available resources for heat pumping in 2030.



(il District heating : infrastructure development

IPESE _

- RSN 7

{Heat Loss = 8% @ 100 °C

.o (depends on temperature)
R

N\

105251~

1082

10515

1061 =

10506 |-

N
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&
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(Wil Interest of district heating systems

e Size (mutualisation)
—efficiency
—COst
e Higher technicity
e Energy services companies
e Access to local Resources
—Water
—Biomass
—Geothermal

e Optimal Management
—Peak shaving

—Market

Efficiency

Example gas engine

50 2500
Electrical efficieny
Thermal efficiency
48 \ specific cost
46 \\\\ 2000
44 \ )
42 ‘ s 1500
) ~ TIth
38 \ ~ 1000
\\
36 / pp—
Specific cost
34 — 500
0 1000 2000 320 4000 5000 6000
Electricil power
Figur: 11: Rendements et prix d’un/moteur a gaz pour la cogénération
Building District heating

Spec cost Euro/kW



Wil District heating

Centralized & ,_Qu._>
Local HP a «—E;, Pt ;
+ pocal .-
55 | I (TR =
T

40 |
Centralized

HP B

30 ¢
«E(... 25 |
20 }

IQE & 15 i Network
b
0

Renewables

5 10 15 20 25 30
Q [MW]
What is the temperature of the network



(Wil Temeprature of the heat distribution

» Heat pump integration

Local HP Geothermal drilling

0 20 40 60 80 100 120
Temperatures supplied by networks (lines)

Resources temperatures at Mid-Season (points) [°C]

A5 | D Crotindwater Wator
— = Central HP Water-Water &
— N Local HP Network water-Water
a 3.5 N oo R
8 Central HP WTP-Water &
. < 3 La¥ L —— N Local HP Network water-Water
5
b - : : :
g c 47
<25y &
2 | e 2 aerae
15 LocaI;HP Surfage water-Water |
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Vil Heat distribution cost : cts CHF/annual kWh

» Building density Température aller : 90°C.

» Power density —
» Annual energy | |195-256

Indice de colt des réseaux cts/kWh

» nb + m2 BN o.65- 1.08
B 1.09-1.45

46 - 1.94

-3.29

An
Lpun = 2(Np — 1)K I
b

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

floss,ref Tref — Tground

. _ .
QpHN = MPHN Peuid (Tgyppy, — Treturn)

Amppy
dpHN =

Tvsp( TsTlpp y )

(c1dpHn + ©2)LpHn —
T [CHF /kWh]

CpHn = -
QpHN

Table 4.1: Typical cost of network pipes, for diameters between 25mm and 300mm.

¢ =7047 CHF/m? ¢, =752.8 CHFI/m Parameters values

pipe diameter [mm] 25 32 40 50 65 80 100 125 150 200 250 300
pipe cost [CHF/m] 950 950 1000 1200 1250 1350 1470 1600 1750 2000 2500 3000
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(Wil Waste water reuse District Heating Perspective s

Potential = 330 Wi,/hab

Heating &
P o Sucon § % Usable = 185 W/hab
—— Dot £ % Heat demand = 440 W/hab

T 27 -ose Monthly space heating demand [kW,;]
T oo ror B ?’ Electricity cons. = 33 W/hab
) ow <1 kWe
O A) ? 3 kWe
“ILs 1l
s e ozt Biogas 9 kW
440 KWin 1000 hab )_ 3 KWin
0O b 15 °C
40°c LG Sludge 6 kWi
329 kW’[h 5 |/S/1 OOO hab 9 kWth
1850 13°C-16°C | 200 kWin
60 kWin 9 30
7N
COP =62 {_ COP =4.8
10 kWe 50 kWe
Network v
N/ \_ . )
70 kWin 250 kWin

Girardin et al., ENERGIS, A geographical information based system for the evaluation

of integrated energy conversion systems in urban areas, Energy, 2010
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ENI Systems

Matching resources and demands

» Define the influence zone of a limited resource
» e.g. waste water treatment plant

» Calculate the heat distribution cost

Cost indices [cts/kWh] Newtwork supply temperature: 90°C
B Aire 0.82 [cts/kWh] .| Villete 4.96 [cts/kWh]
|| Bois de Bay 5.41 [cts/kWh]

eCovered area
eTemperature level
eHeat load density
eFuture demand

e Efficiency

Reference: Girardin et al., A geographical information based system for the evaluation of integrated energy conversion systems in urban areas,
ECOS 2008

Y (Wl
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(il Producing Electricity & CO2 compensation

Electricity

Environment
Heat Pump |«

Heat

| 8

Natural 45 MWth
Combined Cycle Avoided 3.55 kg CO2/s
Gas y |

121 MW Gas Turbine (CCGT)
6.65 kg CO2/s

Avoided CO2 emissions
1 by boilers substitution (2030)
2

I > 1x CO2 compensation
[ ]>2x CO2 compensation
| |>3x CO2 compensation

Fig. 15. Combined heat pumping and combined cycle option in the district.



(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 Q, . o Network superstructure I
ectricity
I B o, Ao e
2;; t eth 1..T 1..T 1..T Ogrld
Electricity :::::::I_:::--; ________ Q . N
J Power 1 T \\
Crerid Ql"ﬁ\/i Emissions
- /// \*\\\\ \\\\ ._)
/ ) gas
gifgzg,p g?; orid
Q1..T"’" Mt,’i,j,p | Q. 2
-------------
Investment o ne m Maintenance
(CPipes C'™ =" ac+ac* Sep
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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((fil Superstructure slave optimization

On/off states

— . ¥
minz OPEX(ys,¥s.p; Us; us75,) + Z(Ip X tco, X Ap)

Op. utilization levels

Local balancing layers(L,,)

Power / material streams

. +/_ . +/_
g,Lp1,S¢,P g,Lp1,8¢,p

Global balancing layers (ng)

Power / material streams
>
. +/_

gszgasf P

. _|_/_
gangaSeap

Layers
A

Heat cascading layer (L)

Hot & cols streams>

o
g7Lh7sj/i?p

** Distribution network

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

Total impacts

Vs, Ys.p

% Transportation He og
v' Material flows
v Trade-off between transportation

systems Ys: Ys.p

Us, Us p

v' Heat cascade restriction

Layout (GIS)
Operating schedule
Fluid type

Heat flows

Ys, ¥Ys,p
Us, 11s,p

DN NN

Transportation equations
o [

Local balancing equations

-

-

Heat cascading equations

I

“® Network equations
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IPESE

({{il List of technolog_y options in the data base

Resources Conversion Technologies Networks
A A A
g W) roo. . e )
N\ G T T ‘ g
| Irradiation | Fo A J | treatment | \heating networks)
[ Geothermal | f N ) Gas boiler p N
L heat ) . ] | (centralized) | Global district
- \ P . \ heating networks|
Gas boiler Ky 7
Natural gas Combined cycle )
. ) N { J | (decentralized) )
Electricity | _ ] ( ) Services
import Incinerator Steam cycle AL
: " J . J 'd A\
Woody o N w Energy services )
biomass ) Heat pump Biomass boiler -
5 L ) L ) Space Domestic
#Waste to be treated r N 1 heating hot water

; Biomethanation Biogas boiler
Mgmapal Waste- . 7\ 7 Electricity
solid waste water L ) ( N

— Gasifier Biogas turbine
{ Municipal ] L J) J
Organic waste

( ) ( )

Air dryer Biogas engine

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

(| )
¢! = 0.J1468 + 0.0179 - log(S) Gas turbine J\/ftt?fh _______ ‘
(M =0.8 ¢ Local X ]ZVW ;
Tihot™ — T Naw t i y PAC_net ww ‘
COPpp = n- Thot l—Tcold- Of,k P> k |
; -@ Heat-pump X Qnet_ww 1
| 151 aW Heat-exchanger W |
l t?'k tech t7k w
! t.k.e v
| L[]
| Central technologies ;
! & processes v Mbuﬂd BUE!ding C.Ie. and\
\
| > > - - -
! boiler aw
| CP”‘“ Qt,k j
| v Local
| _@ technologies |
aw | o
Water: mii, | PAcﬁge;g ) | Water: mio,
L | Tin, hin
Tin, hin Sy * | ,
> - 1 >
return : moo, ; -tk |
Tout, hout P v—e Y
t 1 _pp_ _ <_ ___________________________
return : mo;,

cons

i 5| Electricity Ef’zp_ Tin, hin
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(Wil Heat storage model

(Vs Technologies w, @node k period s N
Demand @node k, period s

d I Subject te : Heat cascade constraines

node K e o=

Heat exchange by heat Z fuwgar + z Qsr+ Rrp1— R =0 ¥Wr=1..n,
cascade model w=1 s=1

Feasibily . > () Yr=1..n R,  =0RK =0 E =z0E =0

Electricity consumpticn Electricity production

. . o . i, o o ) + -
Electricity balance Z Julew/+ E z fyew + BT —E. —E =1
w=1 wr=1

Energy conversion Technology selectio

Existence : w in locafion k fmingye < Fu) < \fmaz.,

Y € 10,1}

My k | ..
(ZLEYY Water: Mii, Water: Mlo,

: : Tin, hin
Tin, hin q é
\

< Mnode . ) / Yik mmzn S mi,k,p S yi,k : mmam
Q 0SS — E q 0SS T’Ln) . m'7k’ . .
. o i=1,ik Tk R M kep < lelgx
return : Moo =%

Tout, hout_~" ~———"r—

Yi,k

— - max . .
Costpipe = E E (Yi,k - Clpipe - lengthy, + 1m0 - cdpipe - length i) return : mo,
i=1,ik k=1,k4i Tin, hin
; . —_— . . O . . ) . . 1
Epump,z,k:,p = Yik " Epipe length’vk + M k,p * €pipe,i,k S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul.-Period Optimization of district energy systems:

1-Daily thermal storage, in Computers & Chemical Engineering, 2013a
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PowerPlants

FHERFAA

Busilding

BRI e=

Building

1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
1
1
1
1
1
1
B e . Ng N N
: Global balancing layers (Lbg): SR 5. .\ S . =
i E § [us,p X § (E ,ng,se,p_Eg,ng,se,p)] - (Egrid,ng,p_Egrid,ng,p) =0
! Power / resource streams g=1s=1 e=1
~
i > Ng Np Ny u
1 . _/+ . —/+ s . S,p
E E X — - >
i Eg,ng,sep 9LpgSrp [usp x (M GLpg.Sf.p M g'ng'Sf'P)] Broor= 0 y
: g=1p=1__ s=1 S,p
o
' Locations (@) —— - T - - T—
e .- —————-- T _-- - /7
: ) \ Pt Y et T TR T = )/
:>i - -----—----—--------- . )/
ES \\~\\ _________________ ,/ \\\ I/' us,p
I A~ T T TTe— -
i ) / ys,p
1
i | Heat cascading layers (Lh) N, N, N,
1 . . o .
+ —_— —
i Hot & cold streams) Z[us,p X (Z Qg.Lysikp — Z Qyrsikp)] T Rgrkiip —Rgrup =0 U,
: Q_ /+ s=1 j=1 i=1 ’
1
| LSk, Ysp
: 9,Lp,Si,K,p NS NE \
1
I Local Balancing layers (Lbi): E E o+ —E- =
' g fay (Loi) [us,p X (E Lpl,Se,P Eg,Lbl,se,p)] =0
| s=1 e=1
i Power / resource streamg Ng Ny
1 7
I . . 7+ M- _
: E_/+ {+ S E : E :[uSP A (Mg,Lbl,,Sf.P g:Lbl;Sf;p)] Bg,ng:f =0
L 9.Lpi.sep ~ 9EbLSFP g=1s=1




(Wil District heating supestructure

( 1
] 1
1 — 1
i Heating networks layers - ------- -t LIt i
i - @ __--- - R |
| T Routing algorithm
1 e eemTTT T TTeeal - K I
i /Q}.‘_:'_ """""""" > . / i OUtI ng a go rlt
1 \‘\\ __________ e \\ I’ 1
i Locations (g) - - o - i
1 ]
1 1
1 ]
1 1
1 1
! Ng 5+ __ploss At — 1
| distribution network in Lg=1,g2g' (Mg o Lnip X g g i~ Qg o) = o i =0 |
i Heat cascading layer (Lh) i
1 1
1 Ng ° o __ 1
i u X - =0 i
i Hot & cold streams 5 Zg’=1,g¢g’[ Ng o' Lnp QNg’g, ,Lh,k”k,p] QNg Lk p i
1 s —/+ 1
LI 5 1
i d>,. g,Lh,Si/j,k”,p Ns Ny Nig i
- . . , i
ES Z[usrl’ x (Z Qg,Lh.Sj.k”.p - Z Qginsik )]t Rgrpr+1p = Rgppierp H
| = s=1 j=1 =1 u i
1 )+ _ Nn- _ S,p
| Qi ~ @ g ipietp) =0 y |
I S,p 1
1 1
1 1
1 1
1 (]
1 N 1
i Transportation in - 93 - o . . E
i global balancing layers (Lbg): [uS.p 8 (Mg,ng,f,p - Mg,ng,sf,p)] - (Mg,ng,f.p - Mg,ng,f,p) =0 i
1 g=1 1
1 1
1 1
1 N 1
H Fuel / material / resource streams 4 X . . 1
H S = - — - 1
E y—/+ i MXg.g"ng'f 2V Forpgrp =Mgr,gfp E
= 14
i 9.LbLSgp 9=19%#9 i
! Ng I
1 1
1 1
1 E 7+ it - Mt 1
: MXg g”ng'f'p + Fg"ng.f.P - Mg',ng.f.P :
1 2 1
! g=1g+g' i
1 — 1
1 1
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(il Virtua power plant

4 Technologies w, @node k period s and time t(s) )
Subject te : Heat cascade constraines Demaﬂd @ﬂOde k, periOd S aﬂd t|me t(S)
Tty .
> f,,..r it Z!;h r 4+ Ry —Re =0  Yr=1,...n,
w=] g=1

Feasibiliy — Jf, =l..n R, [ =0R =0 E 20E =0

Electricity consump@cn Electricity production

i fm:ﬁr:.;a + E : i :f'“..'!':u. -+ Et — E.—-E =1
w=] w=]

.f”i'-“tﬂc-.f:’ﬂc- {_: fit-_ L Uiy Yw € {Dal}
healdTemand

l—( HEX h, ()

Buildings inertia
Batteries

m ) k ' HEX L (t) S HEX/c,(t) HEX (1) HEX (() HEX r(t) b i
1,k,p Water: mi M QM 4 AM %LH—t AM J Water: mio,

Tin, hin U its for heat integration HL:)(;{E:?E:S‘*S":S“E"QE’S Tln, hln : :
Yik > \

. Mnode . Yik - mmzn < mi,k,p < Yik mmam
Q 0sSs __ q 0Sss ’L’I’L m k
. z;;ék % o Mg < TG
return : Moo ’

Tout, hout_~" ~———"r—

Storage system

maw ' i
Costpipe = E E (Yi,k - Clpipe - lengthy, + 1m0 - cdpipe - length i) return : mo;,
i=1,i#%k k=1,k#1 Tlﬂ, hlﬂ
; . —_— . . O . . ) . . 1
Epump,z,k;,p =Yik epipe lengthl»k + M k,p ep’ipe,i,k S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul.-Period Optimization of district energy systems:

1-Daily thermal storage, in Computers & Chemical Engineering, 2013a
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Storage tank model

Storage tank Model Variables
cYp number of cycles of period p
nl NSl nSe,l . dpt operating time of time slice ¢ in period p
Z cfhs - dpyt Z Z fu,p,ch Lupit Z SuptMeiupt)) =0 (13) el it electricity purchase costfor time slice ¢ in period p
=1 hy= =1 Colpit Electrcity selling price for time slice ¢ in period p.
c;{p . is the fuel price for time slice ¢ in period p.
E_f,u,p,t nominal energy delivered to unit u for time slice ¢ in period p
Eeupt nominal electricity demand ™) or excess(™) of unit  for time slice ¢ in period p.
. Cy is the nominal operating cost per hour of unit u (excluding the fuel and elec-
nl  NSh, nSe,1 ..
. . tricity costs).
Ml,p, MO 1+ Z cfhs - p,t Z Z fuspvch Lu,p,t Z fu,PaiMc,lm,P,t)) (14) Fu,p,t multiplication factor of unit u for time slice ¢ in period p
=1 =1 a=1 Yup,t use of unit u in time slice ¢ in period p.
Vi=1.,nl Vt=1.,nt Qhsesupit nominal heat load of hot stream h in sub-system s and temperature interval k,

belonging to unit » and in time slice ¢.
Q;ts(s),s k.p, Heat supplied to the heat transfer fluid in the temperature interval k& and in
time slice t)

Ml,p,t >0 MO,I >0 Vi=1.,nl Vi=1.,nt (15) Rs,k,p,t cascaded heat to the lower temperature interval k in sub-system s.
cfns unit conversion factor
Mhtup nominal flow-rates of the hot stream of storage tank
nl nl Meupt nominal flowrate of the cold stream respectively in time slice ¢.
ZMl,t < Mtot ZMOJ < Mtot Vi = l,nl Vit = l,nt (16) M()’l initial water content of tank [.
=1 =1
nl  MSh,l
MOI+Z Cfns - dpt Y Z Fut M tups))
=1 hy=
- W ey (17)
= (cfnsdpi Y ( Z FuptMetups)) — Mipe >0 Vi=1.,nl Vt=1l.,nt
t=1 =1 =1
Qc,l = fu,p,t . Mc,l,u,p,t “Cp (Tst,H—l — Tst,l) (18)
Q fu,p,t Mhlu,p,t Cp ( stl — Tst,l+1) (19)

Heat losses in storage tanks

th,l,p,t = khl . w . (Tst,l — Ta) Vil = l,nl YVt = l,nt (20)

with A=m-d-hV=n-%.h
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(il comparison between storage and not inthe central plant

Reference case

Il Incinerator

IPESE _

Total heat | Incinerator Biomass Coal Peak 150 150 150 2‘°Tass
. . . oa
demand (Om) boiler  boiler gas boiler I Natural gas
E‘ 100 100 100
=
[GWh] 300 180 48.7 156 0.6 >
2 s0 50 50
«
o
— eeeeees TN
™0 70 70 Biomass boiler § % 5 10 15 20 % 5 10 15 20 % 5 10 15 20
Coal boiler Lo Day.d Day.2 Day3
100 100 100 [l Natural gas boi %
b Il Discharging
5 % 80 Storage 80 Il Charging
50 50 50 g " o
— 3 20 ~ 20 : 20
é a‘, OLT—¥ O.—'—‘—*"- O.T_‘vJ
= og o# 0 ?, -20 -20 -20
- 5 10 15 20 5 10 15 20 5 10 15 20 o
o Day 1 Day 2 Day 3 -40 -40 -40
'43 -60 -60 -60
p— 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
'g Day 1 Day 2 Day 3
O 150 150 150
o
" l Reference case Il Incinerator
100 100 100 Biomass
150 150 150 Coal
Il Gas boiler
50 50 50 = 100 100 100 ~
JE Sk . . -
5 10 15 20 5 10 15 20 5 10 15 20 ©
O 9 0 0
€ o s 1&3 15 20 0o 5 13.3 515 20 0 5 183 ‘;5 20
Q \'A \'A \'A
—~ 2
. e —— Storage Dischargi
Heat COSt. 51 [€/MWh] 10% g 0 60 6 =c|hs:rg?rr1:m9
o 40 40 40 ~
Co,: 197 [kg/MWh] N 2 . .
Marginal inv. costs 2 % e - |
— 2 2 20 -20
Heat cost: 46 [€/MWh] 300 [€/m3/year] L -0 40
-60 -60 -60
C02: 197 [kg/MWh]_/ 0o 5 1gay‘;5 20 0o 5 1gayg5 20 0o 5 1gayg5 20
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(Wil The overall algorithm

I-Data lI-Master non-linear optimization (EMOO)
Structuring M o
S aster optimization
D] '@ S € Evolutionary, multi-objective TAC, EFF, MCO
Conversion algorithm
technologies ¢ @
SIS, vau, e \
[ optimization (EIO) Tin/out: tco, L~ Thermo-economic \i
Energy | L Simulation models_/!
demand profiles: i Optimization: i |
Typical periods ! - Energy-integration ! ! !
Sl f - Mass & energy balance : " :
@ 3 - Distribution networks L i ¢ in/out 7 ' Thermo-economic |!
:}- I 1sp, Qs,p, ts,p ) Es,pa !
I : - Thermal storage | i i max/min state of selected I
i i M p, Cs, Ug g \\ equipment ,:'
Energy sources ! v@ E e -7
I I P g e Tttt >
4| Optimal system i E .4-EE I
i configurationand (@ Ys:Ys.p L} Environomic evaluation: | }—
Peak load & \\ operation /, Ug, Us p i {EFF, TAC, Mco02} E
9 Y

Backup equipment

—————————————————————————————————————————————————

A list of “integrated
zones” based on
GIS data

Pareto ity S AR \

optimal \ ! Sensitivity | | Performances |
". analysis — evaluation }—} Final decision
\ 1 7
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Estimating investment cost based on reference data

~
_ A Iy
Co = Croes - (25) 125

purchase cost of the reference case
equipment attribute

equipment reference attribute
capacity exponent

cost index for the reference year
cost index for the actual year

—ndex :

* Marshall & Swift Equipment Cost Index
« CEPCI : Chemical Engineering Plant Cost Index

ENI Systems

P\



Example of data

Equipment description Capacity exponent «v | Relative base cost C,, ... (values from 1998)

Blowers and fans 0.68 9.5

Boilers, packaged unit 0.7 60

Boiler {industrial}, 15psig 0.5 92

Boiler {industrial), 150psig 0.5 101.2 I m O rta n C e Of

Boiler {industrial}, 300psig 0.5 115

Boiler {industrial), 600psig 0.5 138

Column with trays 0.73 33.5 °

Column with packing 0.65 35.2 - S IZe ra nge

Compressor, air, 125psig 0.28 36.5

Compressor, process gas, 1000psig | 0.82 85 o
Cooling tower facilities 0.6 9.9

Crushers, cone 0.85 12 - Type Of I I Iate rl al S
Crushers, gyratory 1.2 3

Crushers, jaw 1.2 4.7 ° °

Crushers, pulverisers 0.35 23.4 - A I I Catl O n a rea
Crystallisers, growth 0.65 385 P P

Crystallisers, forced circulation 0.55 276.5

Crystallisers, batch T 32.5 o

Dryers, drum 0.45 30 - D O m e Stl C

Dryers, pan 0.38 12.5

Dryers, rotary vacuum 0.45 43.4

Evaporators, forced circulation 0.7 270 I

Evaporators, vertical tube 0.53 37.2 - n u St ry

Evaporators, horizontal tube 0.53 30.4

Evaporators, jacketted vessel 0.6 32 °

Filters, plate and frame 0.58 4.3 - P ro d u Ctl O n
Filters, pressure leaf (wet) 0.58 5.3

Filters, pressure leaf (dry) 0.53 15.1

Filters, rotary drum 0.63 17.5

Filters, rotary disc 0.78 31 - C u Sto m m ad e
Furnace, process 0.85 135

Heat exchangers, cooler 0.66 6.8

Heat exchangers, kettle reboiler 0.65 &8

Heat exchangers, shell and tube 0.65 6.5

Heat exchangers, U-tube 0.65 5.5

Heater, direct fired 0.85 103,5

francois.marechal@epfl.ch ®Industrial Energy Systems Laboratory- LENI-IGM-STI-EPFL 2012

ENI Systems .(Pﬂ.




Observing the market
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Validity for the different types of technologies

ancois.marechal@epfl.ch ®Industrial Energy Systems Laboratory- LENI-IGM-STI-EPFL 2012
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OSMOSE : Computer Aided Platform

Grid computing

Decision support

Data Structuring

GUI : Spreadsheets, Matlab

GIS data base
Industrial ecology
Urban systems

Optimisation

Decision variables f PerformarNgs

Thermodynamic targets

Equipment rating
Technology models data base costing, impact

Energy conversion

Sharing knowledge State State
variables variables
Process flow model >
Superstructure
Flowsheeting tools +

*BELSIM-VALI

*gPROM

-gASPgN T:Ius Energy technology da'lta base

SHYSYS OD'ata/m.odeIs interfaces

Matlab eSimulation

oSimulink *Process integration interface

«(CITYSIM) -CostinglLCIA perform?mces

«MODELICA eReporting/documentation

«Others possible eCertified dev procedure

*CAPE-OPEN ?
*PROSIM
*UNISIM ?

Modeling tools integration

Energy integration
Optimisation

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

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

Process integration



Environmental model

evolutionary, multi-objective optimisation algorithm
(MINLP master problem)

l performances 05/@&
______________________________________ — —
\

. \

I energy- and material- state variables q energy & mass integration l
I flow models superstructure (MILP slave sub-problem) I
| |
I economic | I
I detailed models: flowsheeting model . . I
I software process integration software |
[ supply chain synthesis [
! [ average models: LCl database ] LCA models I
l 8 ' \_ A
| |
1

\\ state variables
/:-_-_-_-_-_-_-_ —T—T-T-T== impact assessment
/
I . \
I process units I
| |
| |
| |
| w2 |
1 [ JRRTY S— | — \'/’\ |
P S S | 11— 4 i s s —
I Lmso £ = |l r,‘ I
| [ unit processes ] S
I = e g ; I
| & : el
I =] =] 5 =] S
1 1
\ LCI database (ecoinvent) /
N ’



(Wil Multi-objective optimisation

Thermo-economic/environomic Pareto

002 emissions [kg/an]

5.5 1.05e+007
[ ]
57 o 9.5e+006
[ ]
45 o ° 8.5e+006
(LX)
= o
G 4 o, © - 1754006
9 S
=
w35  ® % » - 6.5e+006
7 ¢ & O
o [ ]
o 3 | IO - 15.5e+006
- ]
o
£ 2.5 @ - 14.5¢+006
7]
Q
E 2r 3.5e+006
1.5/ 2.5e+006
1r 1.5e+006
0. | | | | | | | | |
% 1 2 3 4 5 6 7 8 9

Operating cost [Euro/an] % 10°
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(Wil Identify clusters of solutions

Efficiency [%]
8 78
7.5+ ®
7 [
67.4
§ 6.5
g
» 6
S - 156.8
=
@ 55
[
)
P R1
g - 46.2
o 451 R2
?
™ X
4r XX ‘
© X R3
3.5 [ ‘ R . 35.6
[ )
[ ]
g X
3 - . ‘ ® :
. X %
'S
25 | | | | | | | |
1300 1400 1500 1600 1700 1800 1900 2000 2100

Total annual costs [Euro/an/cap]
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(Wil The difficulty of the urban size

Green area
River/ground water
Road

Railway

Building

A list of “integrated
zones” based on
GIS data

60,000 buildings

103
()
N | 200 -
(%]
No. buildings 5 7 13 470 ,§ 1501
Constraints (x103) 63 88 210 9000 &
Variables (x103) 190 260 575 27000 % 01 y=1.8125x- 14.25x + 88.938
Binary variables (x103) 3 4 9 40 O | o _—
4 6 8 10 12 14

No. subsystem

How we can reduce the optimization size and computational load
considering the number of subsystems?

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



(il GIS Clustering

Cluster the city into limited number of “integrated zones”!

* The integrated zone is an area where resources, energy conversion
technologies, and buildings are aggregated

Green area
= River/ground water
weses  Road
= Railway

Y Building

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

111111

- 380 buildings

gy Coordinate

19 integrated zones
1.495— ’\.r.i/ . . H
bl ‘ "gT Ni‘ k k

5.82 . 5.83
9, Coordinate




Wil GIS clustering

Green area
= River/ground water
wess  Road
= Railway

Y Building

9, coordinate [m]

1 1
dthat 5.05 5.1
g, coordinate [m] < 10°

Subsystems 60,000 buildings 13 integrated zones
Constraints (x103) 6,480,000 210

Each building has a probability of being connected to the grid

Reduce the optimization size significantly

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



(Wil Evaluation of the operational cost

20 x 8760 hours

N
175’200 hours

Heat demand & Outdoor temperature: 20 years

Heat demand [MW]
- N W Sy [4)]
8 8 8

[=]
o
T

[=]
o

2 4 6 8 10 12 14 16

X 104
\*Outdoor temperature\

B
o
T

N
o
T

0

Outdoor temperature




(4l

MILP problem size

How we can reduce the optimization size (variables & constraints) and
computational load?

No. time steps 35 312 8760
Constraints 7400 65000 1830000
Variables 6200 54000 1520000
Binary variables 400 3700 104000
Resolution Time [s] 23 85 2700

y =208.89x + 149.75

Optimization size

No. time step

While achieving accurate representation of data!

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



I-Data structuring: Typical periods selection method

I = Yraw the Pareto frontier of each performance indicator and

\|- ’ select ,the minimurw?(ccepted number of clusters

N;: the indicators’ improvement on the Pareto frontier from 8¢ A1 is not significant

At least we need 5
clusters

Normalized Pareto frontiers of performance indicators for each type of attributes

NN

14t February 2013 PhD Thesis Defense



I-Data structuring: Typical periods selection method

L K-means clustering

1 ~ \\ R k | ti f - 4 :f\
'?’. ) un k-means several times for xi,a,g L %4 p k ?
: : T are knownr
Ni € {1, ... Npporl Withv € {1, ..., Vmay} S
/ 4\1 Calculate values of performance indicators,
= ESE(V,y,), C(V),) and D(v,) for
Nk e {1, .u,N'"nr} ‘Vithv e {1, n-,vy"ny} ..................
- 1N Increase v=1
/ 5 )raw the Pareto frontier of each performance indicator and Y a .
Mo select , the minimurNéccepted number of clusters No | : Ej or Nk
yes
/ 6‘) Select the optimal typical periods, in which; l v v
\ . .
- Nk = N;: and New starting point Generate N’ typical
. \ V=V+1 i
N - [mm{C(v}‘\hc N}, max{D(v}“Vk WL}, A periods
. * S.T:  k-means clustering
min{ ESE(vy, )VNy}] No Converge? i Pi)<= €

"'-:‘,’ \ . .

',\'le Add extreme typical periods < yes

. K-means clustering '
\ e
\ .

o
8 /  Generate the segmented

typical periods . . N
ST: k-means clustering ————>  Segmented typical periods: [,

Pli)<= €;*

K-means clustering

\

[~

14th February 2013 PhD Thesis Defense




(Wil Typical days definition

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

Heat Load [MW]

1 000 2000 3000 4000 5000 6000 7000 8000

Electricity demand with segmented typical perigds Validation is pe rformed
ok Wuu%mﬂ *&L A “Mﬂ
1'n

* 0.3-4.1% errors
1000 2000 3000 4ooo 5000 sooo 7000 8000 ° 40 times fa ster

I I I I I I
i l|gAJ“ L A.d. ||h7
™ Original
V# !!"!"' “M profile

100

Electricity
profile [MW]
‘c’; g

& T

EIectricity price with segmented typical periods

Electricity price
[Euro/MWAh]

| | | | | 1| @ Day1
_ 1000 2000 3000 4000 5000 6000 7000 800( e Day 2
Ng Solar irradiation with segmented typical periodsd LDC for Day 3
%- T T T T T T ® Day 4
S 800 Day 5
-‘% 600 ‘ ‘ 1 \‘ | II * [ ] gay 6
£ 400 | I Ay 1 e Day7
] T i H I MM T |
5 okt UAS (i I A B L ndabl o oove
N 0 - z N _ 3 -

2000 3000 4000 5000 6000 7000 8000

Hour of year
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({{l Evaluation of the operational cost

2 O X 8 7 6 O h O U rS Heat demand & Outdoor temperature: 20 years
175200 hours

N W B a
S © o
S & o

[=]
o

Heat demand [MW]

-
(=}
o

X 104
\*Outdoor temperature\

Y
o

N

N
o

o

Outdoor temperature

2 4 6 8 10 12 14 16
Hours 4

Clustering techniques

S

500

Heat Load [MW]

1 000 2000 3000 4000 5000 6000 7000 8000

Electrlt:lty démand with segmenfed typlcal peri V
L i MWM” ki
Il
1000 2000 3000 4000 5000 5000 7000 3000

T T T T T T T T

Electricity price with segmented typical periods ll ””‘ IJ

A gt il ol
hi Jiy

N

e 40 time steps :

o
=]

o

=)
=]

Electricity
profile [MW]
g 8
28 1] ‘v—‘f—v* ‘v—v—opc

Electricity price
[Euro/MWh]

« 7 days*5 sequence + 1 Extreme * 5 o e & w,'%wﬁ—g:;?;.:a'
0 i I I i i i i i e Day1
o PrObablllty Of appearance € " Solar rradiation with se;?ﬂlnted t;(;:noil::al peri?gosd LDCTE? e 332
% . ® Day4
e =>number of days | Do
£ e Day7
. Robustness i .%MM\.%M

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



(il Virtual power plant concept

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

Operating cost
Gas —

Ne Nk Mp

9as — ZZZHthkt

e=1k=1t=1

Electricity
Ogrid

Qur d) Q.1 Qir
Q1,, o p‘l’xf Q1..T
Ql,.T , Mt,i,’j,’p _______:: Waste Ql T

Fuel plan

treat.

Electricity
Ogrid

Emissions

—

CO, gas
002 grid

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

Investment i
Opipes
e=1 k=1

Maintenance

Zzae"l_ae*sek:

[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.



(Wil Virtual power plant Operation

Water grid Waste Water Grid

Natural gas grid Electrical grid | |
Solar panels
v Batteries ) : l__
> Domestic PV
.—
ﬂ Hot water tanks v
v Buildings
T storage Small industries ©
L Comfort
v T/Air
I People
Fuel Cell q c ight
d Heatmg/ﬁoolmg
tanks
Big Data grid > M ass
A T storage
Cons. profiles — M
M Smart Optimal Predictive Control Management Box
Price
V¥ Resen

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

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



(il Smart predictive control management box

Grid connexion T

States database ext

Tariff info

(Current state & previous states ) T sh
- Matlab )

(House structure

Optimization Problem Prediction
data set -up ¢
System System Previous Predicted Actual
Equations & parameter states data State data

constraints values

.mods .
MILP PROBLEM DESCRIPTION

(AMPL ) MANAGEMENT

UNIT

OPTIMIZATION (CPLEX )

* * *
l ucg Jub luvlv

Set point strategy

Collazos et al., Computers and Chemical Eng. 2009

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



(fil Demonstration of the “storage” capacity

Engine : 2000 kWe Demand mean heating power = 3000 kW

Heat pump : 2000 kWe

High electrcity cost during the afternoon

Storage tank = 200 m3 Heating : 72315 kWh

Electricity : 77897 kWhe

Electricity out : 5650 kWhe
Electricity bought : 62894 kWhe

Low price period

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

60005 3 0 15 70 25

oy o Pe Gy

soou- Low cost cost during the afternoon
Storage tank = 200 m3

Electricity in : 99596 kWhe
Electricity out : 8710 kWhe

\ ) )
Electricity in : 19345 kWhe

2 ~ Storage filling at night
600G 3 m 15 20 25 J
/

Empty storage tanks pefore cheap elec price Storage : 22480 kWhe

Fill storage tanks during cheap elec price

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

Electricity cost (cts/kWh)

Electricity cost (cts/kWh)

<4 EI_Sell cost
- El_purchase cost

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

0.14
4El_Sell cost

<+ El_purchase cost
0.12

0.1

0.08

0.06

Vg g a8 a8

0.02

0
00123 456 7 8 9 10111213 141516 17 18 19 20 21 22 23 24

Hours of the day



(Wil Storage capacity

Cogen system
— Storage : 10.5 kWhe/day (E-E without Storage)
— Round trip efficiency of cogen
e 10.5kWh/ 13.2 kWh (E + DLHV) = 0.80
Heat pump system
— 5.3 kWhe/day
— Round trip efficiency = 5.3kWh/6.3kWh = 0.85
HP + Cogen
— 12.1 kWhe/day
— Roundtrip = 12.1kWh/15kWh = 0.81
Uesable floor area of house - 186.6 m2 Sive of the hoat pump Nt

Heat Requirement of the day=71.3 kWh Size of the cogeneration engine = 2.25kWe



({Jil Smart building : Integration of PV system

e Requirement

— Electricity : 3.03 MWhe/year

e PV system : 50 m”
— 1.5 MWh/year
— Self consumption : 4

—Heating : 17.6 MWhy/year
— Hot water : 3.4 MWhy,/year
— Heat pump size : 5 kWe / COP = 3.11

.8 MWh,/year (63%)

e Optimal battery and heat storage tanks

— Battery : 0.01 m3 (3
—Tanks : 1 m3 (25 kW
e Model predictive contro

KWhe)
Nin)

+ 17 % of self consumption



(Wil Predictive Controller

e Predictive Control Algorithm : Moving horizon => simulation models have to
integrate the control system

— hour 1 : set-point control + 24 h Cyclic : strategy

1
T T T T T T T T T T T T T
(] 25

N Lf\/%“' )

16

profile
—— final inside temperature

T[C]

cg -

cg load u

days
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(Wil Extending the system boundaries

e 40000 inhabitants city in Switzerland (La Chaux-de-Fonds, 1000m alt.)

Energy services to be supplied:

» Heat using existing district heating network (seasonal
variation in T and load): 3357 kWhw/yr/cap

f » Electricity (seasonal variation): 8689 kWhe/yr/cap
O » Mobility: 11392 pkm/yr/cap

Waste to be treated (existing facilities for
MSW and WWTP):

» MSW: 1375 kglyr/cap » Wastewater: 300 m3/yr/cap

» Biowaste: 87.5 kgl/yr/cap
Available endogenous resources:

» Which resources with which
» Woody biomass: 18900 MWh/yr » Geothermal: 9496 MWhu/yr technologies for which services!?
» Sun (seasonal variation in T and load): 10328 MWhu/yr » Hydro (existing dams): » Min. Costs and CO2 emissions

187850 MWhe/yr

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



Case study @

_______________________________

Convers:on technologies (utilities)
/“Indigeneous resources (utllltles)

! fmax = unlimited -»( Biogas
! ;o purlﬁcatlon
. fmax = limited -
Geothermal heat . ' Biometh- | :

_______________________________

g Imported resources (utilities)

' fmax = unlimited
+ | Natural gas ->

Glectricity mpo@-» i

_______________________________

______________________________\
I
<
o
=
o
i @
o
3
)
w
7]

5. Larger-scale systems

Ecodesign of a urban system

ﬁnergy services (process)
fu=1

Space Domestic
heating hot water,
K—»[Electricita »ﬁ' ransporaj

ﬁ/Vaste to be treated (process) \
fu=1

Municipal Waste-
. =
solid waste water
Municipal
. o
korganlc waste

_______________________________

Energy transfer networks (i utllltles)
fmax unlimited

District heating
network

N e e e e e e e e e e e — — —

Legend =»> Mobility
Alternative S1 m— =»> Natural gas (biogenic)

Alternative 52 "= Natural gas (fossil)
Required S3 =& .
= Oil

= Biogas
Diesel

=> Electricity
Produced S5 . Heat

Cj Average technology (LClI database)

Produced S4

Unit U
fu, COu, clu, Iu

= Organic waste =% Wastewater
Petrol => Water
= Solid waste = Woody biomass

- Detailed technology

Supply the energy
services of a
region

* min. investment

* min. operating
costs

* min. CO2-eq.
emissions

=4

78/29



5. Larger-scale systems

cseswy  * Multi-objective optimization results

» Trade-off between 3

)l;( 0 Optimal conflguratlons
90 ks K Clirent situation (ref) | : 38 ) In each cluster, panel of

— g . : : : . . .
S @/ B : : 3.6 “environomic” solutions
[ ‘ : : C o 134 . :
c | / : : : . * not considered if pure
i N orrerens D: 9500MEGS, --------2 | 130 nomi imization
@ 5 6000m s, ) ORC for CHP [ economic optimizatio
8 ~ Kalina for CHP : 1 : © b 43.0 . :
¢ 60 T B * Biomass & biowaste
(@) ‘ : : @ EE - F 128 conversion
S ] > C:6500m EGS, : :
"c_U' 50 Y ORC for e—lec.—.—.-gg.—.’.—.’.—.,.—.’.—.’:-f:- B :-E 9500m EGS - 26
o | : 1E & ORC for e'eiic » economic: 39.5% max impact
Q| : : 2.4 ducti
O 40 e reduction

| : : : 2.2

b »0 " environomic: 44.8% max
1 1 2 ' ' i
° 20 00 . 00 impact reduction
Additional investment costs [mio€]
|. Seasonal operation 2. Optimal pathways 3. Selection of technologies 4. Competitions & synergies

AV 79/29



Case study

* Seasonal operation (independent multi-period)

5. Larger-scale systems

e Example of summer and winter system operation

Electricity hydro

Organic waste
4.3e-6 kg/s/cap

EGS 9500m

Wastewater
9.5e-6 m3/s/cap

MSW
5e-5 kg/s/cap

0.033 kWe

. 0733kwe

1-flash & ORC

0.119 kWe

Summer

Electricity

0.886 kWe/cap

Heating
0.142 kWth/cap

»  Seasonal variation in service
requirement

*  Quantity (heat load)

*  Quadlity (temperature)

Organic waste
4.3e-6 kg/s/cap

»  Seasonal adaptation

Winter

Electricity
1.020 kWe/cap

District He)a(ti/n{ ' ,
*  Selection of utilities AL o N 0.559 kWivcap
. . Wastewater | / i WWTPlant .........
*  Operating conditions 9.56-6 m3/s/cap
s
5€-5KG/IS/Cap [ 7 i
80/29



5. Larger-scale systems

Case study o Optimal pathways and technology selection

* Example of wood in environomic configurations

ot I oottty | Poenil pohwors & iechnolges
e ’ e : . for wood conversion

. 0.275 kWe — R

Electricity hydro | - SNG car _):Bmﬁ

S — . 0.468 kW

s

N

Organic waste
4.3e-6 kg/s/cap | \J| Rinrathanatinn | _ < : 4 M

i

—>
""""""""""""""""""""""" gy Electricity —> GM“ )
0.001 kWth _)
0.153 s GRS 0.886 kWe/cap
Wood kWth 01 3 k th iogas engine & -
____________________________________________ : th ~ T . Boi—>
SR~ AN, - SNG
EGS 9500m ORCdrawoff _____ 6 ke~ production _)m
o 0.079 kWth i District Heating _ Heating l Ca,,,rf_)
. Boiler NG : P ! Network 0.142 kWth/cap
"""""""""""""""""""""""" WWT Plant  ge-2 kWe
Wastewater | / " .. . ..
9.56-6 m3/s/cap / »  Limited resource availability
0.035 kWth , )
MSW : . . 5 0.119 kWe ° efﬁc:ent technologles
. Incineration | ’
5e-5 kg/s/cap boemeeeeeoerrer e i

»  Alternatives for producing services (e.g. transport)

Lﬂl 81/29




5. Larger-scale systems

casesudy o °  Competitions and synergies

e Example of interaction between MSWI and WWTP in summer

0.033 kWe

Electricity hydro

Organic waste
4.3e-6 kg/s/cap

,,,,,,,,, ~ 0.733kWe
EGS 9500m - 1-flash & ORC |

District Heating

0.107 kiWth =¥ " Nciwork

: WWT Plant “god kWe

»  Usage of waste heat from WWTP

»  reduces supplementary requirement

Heating
0.142 kWth/cap

»  More electricity available from MSWI

9.5e-6 m3/s/cap

MSW H 0.119 kWe
5e-5 kg/s/cap

* Example of supplementary heat requirement in winter

*  reduces import

o- 153 .............................
------------------------------------ 1 _ Wood - kWih Wood to SNG |
Nl ~ e | 10,003 kWe
EGS900M Ty » 1neshaorc ozskwe o
R " | 2098
Natural gas ) : 0.031 kWe EGS 9500m kWih ~ ORC, draw-off 0.486
o=l L S 0.055 kWith
. 5 . District Heating District Heati
D vifer = P—— ng
| Network ' Boiler NG _ Network
Wastewater WWT Plant - Sa-4kWae e - WWT Plant  'go-4 kiWe
9.5¢-6 m3/s/cap aslewater
B 5e2 kv 9.5e-6 m3/s/cap
MSW [ rcerston | 0.024 kWe e — 0.342 kWi -
5e-5 kg/s/ca ' — . e
S 5e-5 kg/s/cap Incgqgfg_lpn ;

»  Deep aquifer competing with EGS for CHP & Wood to SNG conversion

A -




(fil Large scale integration : multi-grids

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

gl < Su PP Iy chain

Ui !
=
]

District heating lectricity



(Wil Access to local resources

Heating &

Hot water production,
Power [MW] at -6°C %

B 536-11.11 [Mw]

[ 287-5.35
[ ]1.08-286
[ ]ooo-1.07

440 kWi

40°C

329 kWi

Network

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

Monthly space heating demand [kW,;]

1000 Inhabitants: : 1000
Heatl ng surface: 40 m¥/inhab.
& heatin gd mand: 93.8 k¥WWhy/m

40%

JJJJJJJJJJJJ

] 8
2 2

> ]

00
-

5 1/s/1000 hab

18°C 50 kWi

3

1300_1 6OC | 200 kVVth

Potential = 330 Win/hab
Usable = 185 W/hab

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

<1 kWe
? 3 kWe

Biogas 9 kW

)— 3 kWi

Sludge 6 KWin
9 kWi

/ |3°C
C )
COP=62 [ COP =4.8
10 kWe 50 kWe
@ — o
70 KW 250 kWi

Girardin et al., ENERGIS, A geographical information based system for the evaluation
of integrated energy conversion systems in urban areas, Energy, 2010



({¥1l Biogenic carbon valorisation at the waste water treatment plant ./

(m
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({Jil Other services : Data center integration

e Air flow management
e Chiller o

Ton/ \ Taw
e |ce Cold storage £ % cooing tower |
e Heat source for the district £—_F
Chiller AT Ambient T

QEvap

I%irgct air cooling

TCHWS }{A T !O!A o
) Exhaust Te Exhaust
A M, A
M, \
®
Cooled
KM B Air RACK
TAc
e CRAH " Q,
Electricity price X ;
coLp Server Operation
STORAGE i
Operation temperature
lce Storage

09.09.14 Master Thesis Presentation
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(il CO2 District heating network for multiple sources

CO2:48b Users: et 5. CO2 network for space heating
Hvap = 180 kd/kg Space Heating AV /
T=15°C-13°C Industry — y

i :0.8 kg/ Cervices | :

Vap:0.15 kg/I

Pressure regulation

Intermediate HP cond
Intermediate HP evap
CO2 cond

Intermediate
heat-pump

Carnot factor [%)
>

Central plant Space heating
I |
— J
liquid CO2 (13°C)
-B | { L483b-M-473b %
; o F CO2 vapor (15°C) Heat load (kW]
-
‘ » (‘02 » » “
6, CO2 network for air conditioning
|~ —
> J 4+
Central utility _
(operating as a heat sink) A 2 s == (02 evap
: : Air conditioning o e A itioni
Exchange with the environment 23 .219C g . Air condrtioning
- &
Ncl\;’gr}' cross s_cgluon Users: =
- | : N E-2
:‘ O; Air Conditioning c
I J
Crome o | - o Data centers "T
ross section = Cross section water. . .
Refrigeration 6 |

10

=
.

)4 b0 8
¢ Heat load [KW]



({Jil CO2 District heating/cooling network

Space heating

CO2: 48 b User: 0. 350
Hvap = 180 kJ/kg Space HeatmgA v
T=15°C-13 °C
Lig :0.8 kg/I [ "]
Vap:0.15 kg/I . Oy
Intermediate

Pressure regulation heat-pump

Carnot factor [%)

Central plant
i " Tliquid CO2 (13°C)
-{5 | { L:483b-V:47.3b
; @ ‘ CO2 vapor (15°C)
A
- 'EIJ'

Central utility

(operating as a heat sink)
. , Air conditioning
Exchange with the environment 33.91°C
Network cross section User:

T s |
! . Air Conditioning
Q@ O:
| [

Cross section = Cross section water/4

Camot factor [%]

CO2 network for space heating

Or

4 » /

2

Intermediate HP cond

0 Intermediate HP evap

, CO2 cond
- Space heating
4 4

J
-0
0
Heat load [kW]

6, CO2 network for air conditioning

4t

, == (02 evap

= Alr conditioning

0+

2 |
-4 !
6 4 \ .
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4 Oy 8
Heat load [KW]



e Space Heating
e Hot water preparation
e Air conditioning 1y H

Hot water preparation

Space heating 10 - 60°C

1
igerati | [
° Refrlgeratlon Intermediate L Transcritical CO2 gi
heat-pump { , heat-pump X
-
- L
" Lake
| = |,

- I \
liquid CO2 (13°C) \

|

r

o
|
|
|
_____________ |

Central utility

Y A Y »
(operating as a heat source)

‘ CO2 vapor (15°C)
.
A

=

Air conditioning Refrigeration
23-21°C 6-1°C



(Wil Advanced district heating/cooling systems for urban systems

Energy demand per service

e Present situation
o Oil : 57 GWh/year
e Electricity : 10.5 GWh/year PR M A M a0 A s 0N

e CO2 network integration co2 ::k* ::r‘-ei» required
e Electricity consumption : 11 GWh/year “ E iiew pnging - Comtel pln
e User heat pumps : 7.7 GWh/year N m—
e Central Heat pump : 2.7 GWh/year
e Refrigeration : 0.5 GWh/year
e Pumps: 0.2 GWh/year

e Comparison

120

=2 =
< =

Daily energy [MWh)

40

e Reduction by 84% of the primary energy consumption TR M OATM 0 0 A S 0 N oD
« Profitability analysis : break-even in 5 years

e 56 % of the energy services cost is investment (certain)
e 0.07 cts/kWh of services

HencHoz S, FavraT D., WEeBeR 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

Complex system with heating and cooling : (ERA) 687'800 m? ;;»;g;;-;'y;-_-;;vg demand: 31 GWh =W,L“L
«Commercial: 23% inc. HVAC and refrigeration R B space heing
«Offices: 60 % inc. data center %

Residential: 17% 4
5,



(il Smart Household System Integrated

Water grid Waste Water Grid

Solar panels

Natural gas grid| Electrical grid

v Batteries

W

7 . > Domestic PV
.—
A Hot water tanks
v Cogeneratio Buildings
T storage Small industries ©
. Comfort
v T/Air
I People
Fuel Cell . c ight
d Heatmg/ﬁoolmg
tanks
Big Data grid > M ass
A T storage

Cons. profiles

v | Smart Optimal Predictive Control Management Box
Price
R )
+ V¥ Rese
€02 grid Meteo

Smart info (WIFI-GPS-GSM) T ambient



(il Virtua power plant

4 Technologies w, @node k period s and time t(s) )
Subject te : Heat cascade constraines Demaﬂd @ﬂOde k, periOd S aﬂd t|me t(S)
Tty .
> f,,..r it Z!;h r 4+ Ry —Re =0  Yr=1,...n,
w=] g=1

Feasibiliy — Jf, =l..n R, [ =0R =0 E 20E =0

Electricity consump@cn Electricity production

i fm:ﬁr:.;a + E : i :f'“..'!':u. -+ Et — E.—-E =1
w=] w=]

.f”i'-“tﬂc-.f:’ﬂc- {_: fit-_ L Uiy Yw € {Dal}
healdTemand

l—( HEX h, ()

Buildings inertia
Batteries

m ) k ' HEX L (t) S HEX/c,(t) HEX (1) HEX (() HEX r(t) b i
1,k,p Water: mi M QM 4 AM %LH—t AM J Water: mio,

Tin, hin U its for heat integration HL:)(;{E:?E:S‘*S":S“E"QE’S Tln, hln : :
Yik > \

. Mnode . Yik - mmzn < mi,k,p < Yik mmam
Q 0sSs __ q 0Sss ’L’I’L m k
. z;;ék % o Mg < TG
return : Moo ’

Tout, hout_~" ~———"r—

Storage system

maw ' i
Costpipe = E E (Yi,k - Clpipe - lengthy, + 1m0 - cdpipe - length i) return : mo;,
i=1,i#%k k=1,k#1 Tlﬂ, hlﬂ
; . —_— . . O . . ) . . 1
Epump,z,k;,p =Yik epipe lengthl»k + M k,p ep’ipe,i,k S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul.-Period Optimization of district energy systems:

1-Daily thermal storage, in Computers & Chemical Engineering, 2013a
©Francois Marechal -IPESE-IGM-STI-EPFL 2014



(il Electro Thermal Storage (ETES - ABB) (daily)

Round-trip eff.: 60% Hot Water Storage
Transcritical CO2 cycles
CHARGE DISCHARGE

Electric Network (or other available mech. el. power) Electric Network

e — s 7/ /L ........................ A-
| hotstorage  HOTWIATER hot storage |
a 1 'S S o I
I . * | 25-120 °C :
W_dot_HP — | |

| Q_dot_HP HS Q_dot TEHS Wi_dot_TE

Alr-fan @ 140 bar | ___Thermal engine

o ___Heat pump
(.f 3 A

TRANSCRITICAL C02 7 7 l 7  Ai-fan <
HEAT PUMP ' 5 3507
cold storage  SALT/WATER cold storage TRANSCRITICAL cO2 &

ICE THERMAL ENGINE §m_

195 1

19375 .
Entropy [kJ/kg-K]

Morandin, Matteo, Frangois Maréchal, Mehmet Mercang®z, 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..



(il ETES & district heating/cooling (daily)

Round-trip eff.: 60% o _ Solar Heat
Waste heat : 40 % District heating supply Waste heat

CHARGE

ARGE
Electric Network (or other available mech. Electric Network

et i 1 ) [ 552 2y A~
| I

W_dot_HP |

|
| Q_dot_HP HS Vi_dot_TE

:‘; Alr-fan @ g

= '_'_'T'é CO2 network

<

>

TRANSCRITICAL an

HEAT PUMP

CRITICAL CO2
1AL ENGINE

cold storac SALTWATER cold storage

ICE

District cooling supply

Heat from the environment

Heat to the environment



(Vi Producing Electricity using renewables

e \Who is going to use the extra amount in the Summer ?

Scenario 2050 : OFEN / Low

B Storage — Cogeneration T Photovoltaic ™ Demanda B Total Production

6000 I I
4500

Demand = 58.5 TWhe

Electricity [GWhe/month]
(]
=
o

&
o

0
Jan Feb Mar Avw May June July Aug. Sep Oct Nov Dec

http://www.energyscope.ch
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(¥il Long term electricty storage

*

o Power to Gas integration
e Roundtrip : 57 %'

EMS

B Water H2 fueling
—> Electricity storage station

—>» Material

------------------------------------------------------------------------------------------------------------------------------------
* .

OXI

3 8

PV panels / .k = =
Wind turbine Electrolyzer storage Methanation Q@ a
: S

Power-to-Gas S Q

*
-----------------------------------------------------------------------------------------------------------------------------

------------------------------
3

CO2

network

. CH4 CO2
EMS o d storage storage

CO2 rT

1 Easa I. Al-musleh, Dharik S. Mallapragada, and Rakesh Agrawal. Continuous power supply from a baseload renewable power plant. Applied Energy, 122:83-93, 2014.

converter

CO2 + 4H2 > CH4 + 2H20 + heat



(Wil Autonomuous District

Complex system with heating and cooling : (ERA) 687'800 m? “*I Storage management

«Commercial: 23% inc. HVAC and refrigeration

€000 “

%000 . “I

s .
o :

«Offices: 60 % inc. data center y
*Residential: 17% ! | |
Renewable Electricity : 66.5 GWh ey A ll
PV Panel area : 0.8 m2/ m2 heated :"“ Daily operation with MPC ‘
S » 13 N 2
Heating : 52.5 GWh
Cooling : 50.1 GWh
Electricity : 26.1 GWh
Electrical Heat pump : Natural gas
grid ‘ 69% Elec o Gas CO2 50
. . ‘ Natural
b ™ X Refrigeration: 5 Liq CO2 GOEC 1 L gas
4% Elec pump: . >
2% Elec S
H,0 44.2 GWh

24% Elec

Balancing source :
Geneva Lake

o The CO2 network integration : reduction by 84% of the primary energy consumption
o Combined with SOFC cogeneration : savings reach 88 %
e Combined with renovation : savings reach 92 % !



(Wil Long term electricity storage by converting electricity to fuet.’

Power 1o gas concept

lectricity form the grid

SUN max 0.50kWe/kWsna
]'r.l (= 400°C
CO2 H20 ) l _ %, (catalytic | fumes
| \_combustiun_;_*m: ’r\

H,0(l)
fumes -

Electrolysis

NUTRIENTS | 11
133 kW lx; [BO-250°C o (B00-900°C) l J (300-40 |I:D -:.H II I
TREES Wood [Dmng ]—{: [Gasiﬁcatinn] E’Euas clean- u;:] | :'::‘t:i:;; \
H,oml H,0M)/O, ::n'j*;:':;:fj Hﬂr] HOlH 1.0-1.5 kW
Carbon source
WOOD Natural Gas CO2 (pure)
AH®=—-10.5 kJ/mol,, o4
CH1.3500.63 + 0.3475H,0 — 0.51125CH4 + 0.48875C0O2
+ 4 Ho > + CHas -CO2 +2H20
AEY + 4H,0 =
N\ _
Storage as transportation fuel Ne = — 85%

AET

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



(i¥il Biomass as a resource

112 PJ/y
15 PJ/y
28.4 PJely
BIOSNG Cogen Heat Pump
O+ SOFC Heat : 160 PJ/y
100 PJ/y Power?Gas| 84 PJYy
8 PJ/y
Swiss Energy Scope : Total Heat demand 2050 : 160 PJ/y Heat —
Electricity —
No more wood available for Heating Natural Gas >

Biomass =l
Env. —— >



(Wil Conclusions & Perspective

e Data Structuring
— Geographic clustering => Out layers
—Typical days structuring => Extreme days
e Superstructure modelling
—Building models for typical days
—Energy conversion technologies
—Storage tanks
—Material flows integration
—Heat/cold distribution networks
—Heat cascade models
e Master-Slave decomposition optimisation
—Multi-objective optimisation techniques => improved DFO algorithms

—MILP models => Superstructure + piece wize linearisation strategies
*Operation strategy
e Interconnections models

e Uncertainty & Risk
—Uncertainty analysis
—Stochastic optimisation
—Robust Optimisation

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



Wil Thanks to my co-workers

o Jakob Rager, Samira Fazlollahi, Nils Schiiler, Leandro Salgueiro, Stefano Moret,
Alexandre Bertrand, Jean Loup Robineau

- PhD Thesis

o Weber, Céline Isabelle. "Multi-Objective Design and Optimization of District
Energy Systems Including Polygeneration Energy Conversion Technologies.”
EPFL, 2008

* Dubuis, Matthias. “Energy System Design under Uncertainty.” EPFL, 2012.

e Gerber, Léda. "Integration of Life Cycle Assessment in the Conceptual Design of
Renewable Energy Conversion Systems” 5564 (2012).

* Girardin, Luc. "A GIS-Based Methodology for the Evaluation of Integrated
Energy Systems in Urban Area.” EPFL, 2012..

e Fazlollahi, Samira. "Decomposition Optimization Strategy for the Design and
Operation of District Energy System.”, 2014.

e Rager, Jakob. “Urban Energy System Design from the Heat Perspective using
mathematical Programming including thermal Storage “, EPFL, 2015.



