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A multi dimension approach
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Problem statement
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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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Energy system design : Industrial Ecology Concepts

e For a given city : select the optimal energy system

—Integration of processes in the urban system

40’000 inhabitants city in Switzerland (1000m alt.)
4 Energy services to be supplied:

~{ °©

(40 FY

\
-

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

\
!
ﬁ// ﬁ f » Electricity (seasonal variation): 8689 kWhe/yr/cap
[ |
» Mobility: 11392 pkm/yr/cap

\

r{ BN |
&

MWhe/)’l"

g Waste to be treated (existing facilities for MSW and

WWTP):

5

é 2 » MSW: 1375 kg/yr/cap » Wastewater: 300 m3/yr/cap

£ » Biowaste: 87.5 kg/yr/cap

Available endogenous resources:

£ » Which resources with which technologies for which
2» Woody biomass: 18900 MWhu/yr » Geothermal: 9496 MWhu/yr services!

§ » Min. Costs and CO2 emissions

2 » Sun (seasonal variation in T and load): 10328 MWhg/yr » Hydro (existing dams): 187850
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Superstructure generation and supply chain synthesis
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» Heat cascade

<GIPESE

Mass balance

» Mass balance for each source/sink

Environmental impact

Gerber, Léda, Samira Fazlollahi, and Frangois Marechal. “Environomic Optimal Design and Synthesis of Energy Conversion Systems in Urban Areas.” Proceedings

of ESCAPE 22 (2012).

» Choose the supply chain
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Input-output models for Swiss Energy System in energyscope.ch
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Linear programming multi period model
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min Ciot = _ (7 (j)Cinv(j) + Cmaint (j)) +2_ Cop (i) (1.1)
JETECH i€ RES
s.t. 7(j) = Lrate(irate + l)n(j) Vje TECH (1.2)
o (irate + 1)) — 1 )
Cinv(J) = Cinv(JDF() Vje€ TECH (1.3)
Cmaint (j) = Cmaint (FIE()) Vje TECH (1.4)
GWPconstr (j) = 8WPonser (FDF() Vje TECH (1.5)
Smin(7) = F(J) = frnax() Vj € TECH (1.6)
N fref(J) = F()) Vje TECH (1.7)
Fe(j, D) =F(j)cp,:(j, D) Vje TECH,Vte T (1.8)
D Fi(j, Ditop(t) =F()cp () D top(D) Vje TECH (1.9)
teT teT
Cop (i) =D cop(i, OIF(i, 1) top(2) Vi€ RES (1.10)
teT
GWPop (i) = ) gWP,,(i, OF(i, 1) top(2) Vi€ RES (1.11)
teT
> " Fi(i, D) top(D) = avail(i) Vi€ RES (1.12)
teT
> fU,DF(i, ) +>_(Stoout (j, I, 1) — Stoin(j, 1, £)) — EndUses(, 1) = 0 Vlie L,Vte T (1.13)
i€ RESUTECH\STO JESTO
Fe(j,0) =Fe(j, £ — 1) + top(0)-
(X Stoin (i, L DM sto,in(r D) — 3 St0ouc s I 1) st0,00 (s 1) vjestovreT (.19
l€L|775:o.in(j,l)>0 IeL'nsto.our(j'l)>0
Stoin (j, L, 1) ([N st0,in(j, D1 —1) =0 VjeSTO,Vie L,Vte T (1.15)
Stoout (j, L, £) ([ sto,0ue (G, 1)1 —1) =0 VjeSTOVIe L,Vte T (1.16)
[d_Stoin(j, 1, 0)/m(j, 1, )| + [ D_Stoouw(j, L, 1)/ m(j, 1, 0] VjeSTO,Vte T (1.17)
l€L|775m.in(j'lJ>0 IELlT]sto.our(j.l)>0
Loss(eut, t) = O_ f(j, K)Fe(j, 1)) Poross(eud) Veute EUT,Yte T (1.18)
i€e RESUTECH\STO| f(j,k)>0
F¢(j, 1) + Fe(k, £)Ysolar(J) =
EndUses(HeatLowTDHN, t) + EndUses(HeatLowTDec, t) .
> Fe(j, Diop(D)
endUsesInput(HeatLowTSH) + endUsesInput(HeatLowTHW) {t
k = Decsolar, V j € TECH OF EUT (HeatLowTDec) \ {k},Vte T (1.19)
D Ysolar(j) =1 (1.20)

JETECH

Moret et al., Applied Energy, 2017
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MILP model
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Y Fmins() Y _Fe(j, Otop(®) < D_Fe(j, D top(t) <) frnax%() Y_Fe(j', ) top(D)
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(StoHydro) < fmax(StoHydro) &~ rraroDam) - fm(NewHydroDam) (129
Stoin (StoHydro, Elec, t) < F((HydroDam, t) + F{(NewHydroDam, t) VteT (1.25)
F(DHN) = ) _F(j) (1.26)

JETECH OF EUT(HeatLowTDHN)
Y "F(j) = % peaky,,y max {EndUses(HeatLowTDHN, t)} (1.27)
jETECH OF EUT(HeatLowTDHN) tel
, 9400 F(Wind) + F(PV)
F(Grid) = _ _ (1.28)
Cinv(Grid) frmax(Wind) + fmax(PV)

F(PowerToGas) = max {F(PowerToGas), F(GasToPower)} (1.29)

Moret et al., Applied Energy, 2017
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MILP model

Parameter

Units

Description

endUsesyeqr(eui, s)
endUsesInput(eui)
T(tech)

lrate

%public,mim % public,max

%rail,mim %rail, max
%dhn, min %dhn, max
top(t)

Polighting (1)

Yosh(t)

f(resu tech\ sto, 1)

Jref(tech)
Ciny(tech)

Cmaint(tech)

gw pconstr(teCh)
n(tech)

fmim fmax(teCh)

f min, % f max,%(teCh)
avail(res)

Cp,t(tech, t)

cp (tech)

CoplTes, 1)

P9
M sto,in» N'sto,out (SLO, 1))

%o10ss(eut)
% Peak iy

[GWh/y)
[GWh/y)*
[-]

[-]

[-]

[-]

[-]

(h]

[-]

[-]
[GW]b

[GW] bc
[MCHEF/GW)]b¢
[MCHE/GW/y] ¢
[ktCO,-eq./GW)b¢
[y]

[GW] bc
[-]
[GWh/y]

[-]

[-]
[MCHF/GWnh|]
[ktCO,-eq./GWh]

[-]

[-]
[-]

Annual end-uses in energy services per sector
Total annual end-uses in energy services
Investment cost annualization factor

Real discount rate

Upper and lower limit to %pypiic

Upper and lower limit to %gaj

Upper and lower limit to %ppp

Time periods duration

Yearly share (adding up to 1) of lighting end-uses

Yearly share (adding up to 1) of SH end-uses
Input from (< 0) or output to (> 0) layers. f(i,j) =1

if j is main output layer for technology/resource i
Reference size with respect to main output
Technology specific investment cost

Technology specific yearly O&M cost

Technology construction specific GHG emissions

Technology lifetime

Min./max. installed size of the technology
Min./max. relative share of a technology in a layer
Resource yearly total availability

Period capacity factor (default 1)

Yearly capacity factor

Specific cost of resources

Specific GHG emissions of resources
Efficiency [0; 1] of storage input from/output
to layer. Set to 0 if storage not related to layer.
Losses [0;1] in the networks (grid and DHN)
Ratio peak/max. average DHN heat demand

<{IPESE

Moret et al., Applied Energy, 2017
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Seasonal operation (independent multi-period)

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

Composting

2.224 kWth

Summer
Electricity
0.886 kWe/cap
,,,,,, 0.733 kWe
1-flash & ORC
Heating
0.142 kWth/cap

> Seasonal variation in service
requirement

*  Quantity (heat load)

*  Quadlity (temperature)

Electricity hydro

0.119 kWe

Organic waste
4.3e-6 kg/s/cap

<GIPESE

»  Seasonal adaptation

. Selection of utilities

*  Operating conditions

EGS 9500m

2.224 kWth

0.168 kWtw

District Heating’ |
Networ |

Wastewater
9.5e-6 m3/s/cap

MSW
5e-5 kg/s/cap

WWT Plant

0.024 kWe

Winter

Electricity
1.020 kWe/cap

Heating
0.559 kWth/cap
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Optimal pathways and technology selection

e Example of wood in environomic configurations

. Electricity hydro |

Organic waste
4.3e-6 kg/s/cap

Wastewater |
9.5e-6 m3/s/cap

MSW

5e-5 kg/s/cap

<GIPESE

0.468 kW

0.275 kWe

3e-4 kWe

District Heéfing

: Network
WWT Plant  igg-4 kWe
0.035 kWth |
Incineration 0.119 kWe

Mobility

0.00036 pkm/cap Potential pathways & technologies

for wood conversion

—>
Electricity —> GaShesiion —>~y, |
| 0.886 kWe/cap i e :—)

Heating ¢

0.142 kWth/cap

»  Limited resource availability

* efficient technologies

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

(|




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

Competitions and synergies

e Example of interaction between MSWI and WWTP in summer

Electricity hydro |

0.033 kWe

- Composting
Organic waste
4.3e-6 kg/s/ca
g P Electricity
Engine NG 0.886 kWe/cap
0.733 kWe
EGS 9500m 2.224 kWth 1-flash & ORC |
"""" Deep aquifer o
""""""""""""""" istrict Heating
0.107 kWth ’—-’ Network Heating
0.142 kWth/cap

9.5e-6 m3/s/cap

MSW
5e-5 kg/s/cap

WWT Plant
Wastewater LA o

0.119 kWe

2.224 i
EGS9500m ~ “ivth > 1-flash & ORC | 0.733 ke
0.031 kW
Natural gas I(ZV%? Engine NG ©
; .013 kWth District Heating
Deep aquifer 0.013 Network
Wastewater WWT"PIant
9.5e-6 m3/s/cap |
0.342 kWth 0.024 kW
MSW Incineration ! ' °

5e-5 kg/s/cap

<IPESE

»  Usage of waste heat from WWTP

reduces supplementary requirement

»  More electricity available from MSWI

Wood

EGS 9500m

Boiler NG

Wastewater
9.5e-6 m3/s/cap

MSW
5e-5 kg/s/cap

reduces import

10.153
i kWth Wood to SNG
0.026 kWih 0.003 kWe
2.098
kWith

ORC, draw-off 0.486
0.055 kiWth
0.135 kWt . District Heating

Network

WWT Plant  ge-4 kWe

0.342 kWth

. ; 0.024 kWe
Incineration

»  Deep aquifer competing with EGS for CHP & Wood to SNG conversion
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In more detail ...
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Defining the requirement of a building

e Definition of the energy requirement
— Heating

@
o

- Heat demand by building simulation models

8

— Air renewal

=
O

— Hot water

120 | 1emae-eu.zesT';c_’J§ HK
3 /
T '/
— Waste Water *7 ] //\
6 -2 -2 0 2 4 & 8 10 12 14 16 18 20

. Qutdoor temperature TOUt [”Cbll
— Air renewal

Heating Power "ot [W/m2)

<
o Text >
5
= A
;\ Courbes de chauffe :60-75Cpour T 6'C.m=100(] -
&z ] \ . T T.
3 = Heating e S
& 2 : temperature
3 R N e Twmi
Q 5 ~ wmin
T Tw
—
Eré
ke
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Local heat recovery

| : recoverf | | | |
L e A — e e .
| | | | | | |
0 50 100 150 200 250 300 350 400

rancois.marechal@epfl.ch ©Industrial Energy Systems Laboratory- LENI-IGM-STI-EPFL 2012
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Heat recovery and reuse in a building
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80

60

Heat pumping on waste water

20

-20

Heat cascade approach (Pinch Analysis)

- Heat exchange
- Heat storage
- Water storage

0 50 100 150 200 250 300 350
Q(kw)
COP=5106
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Building renovation

Ventilation rate of 50 [%] with Refurbishment

25 ............................................................................................. R S o
[—ou | .
\Heat'mg Days |—5em | ~ Heat required : - 60%
200 p . _12 i — - Nbofdays : - 16%
. eryear. |—20cem| ~ Peak power : - 37 %
E f f = - —25em| . Heating temperature :
E 15 =30 cm |- ............... ] o
5 z COP : + 10%
g K~ : : . Investment period : constant !
£ 10/
@©
% Courbes de chauffe :60-75°Cpour T - 6'C.m=1.00(-])
gal Heating
$x temperature
0 - - i —— : £ Old
0 2 4 6 8 10 12 14 16 18 e
Outdoor Temperature [degC]

Appartment block Geneva with air heat pump renovated
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Changing the scale
e Characterizing the senvices

Courbes de chauffe :60-75"Cpour T = 4°C.m=1.00(-]

For One building : \ - = = Tempévature retour

Heating signature Heating

&

&
o

heatingcutoff . . -~ w7 Sy WooUUUTTT
) ThOt
temperatures 1 6°C

&5
-
5 3
.

s L A 2 i S8t Eté
2

12 -0 2 14 % 18 2

1 e et ;
l—li -4 =2 0 2 4 & 8 10 12 14 16 18 20
Qutdoor temperature TOUL [°C)

N

Heating Power ghot [W/m2) 00
Température [°C)

.

Winter

2
Q
3

Seasonal temperature
variation

=
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System integration

00

Heating Power ghot [W/m2)

Heat power [W

’jgm

: Seasonal temperature  coubes de chautte 6075 Cpour T _6Cme1001)
P variation » —— tempestrs e
0} For one building - == = Smptmeeemee
' ' 40 - V7 '
40 Summer !Mid- ! Winter  !Mid- ' I
Heating signature [ e EAb Heating
: : P S
2 » ; : N 2« < temperature
heating cut-off 1 : ; H < L I
20} xen'.oe-auresT';gg .:510' : ‘J ‘ g’ . pa i
’ - F
10 -10 ‘ ’ ' 3 Hever
0 A b Aot ) 20508 : _2005: 2005 : 2006 25 Eté
& -4 -2 0 2 4 & B 10 12 14 16 18 20 01302003 hug 2078 nov 20y par g
Outdoor temperature TOUL [°C] 20 8 6 4 2 CT: [C] 8 10 12 W % 18 D
Composite curve of the Geneva canton
- - - ; 80 - Minimum power requirement for heating <€C
: : : : » LV, 0 and hot water production (Mid-Season) K
0 | for all the building in the city: —
//II // OU 60
7 ¢ /7 e
///" ’/ q)
cooling threshold A S °°
60 temperatures 77/°"  // /(/ o =<1
A PPy 5
heating threshold //////// ,/// @@/// o -
40 . temperatures T4 2 e 30 | Scenarios:
: Q
20 = 20 == 2005

o) 4coolingrange | 1w1 2030

O —— =
-10 -5 0] 5 10 15 i i i i i
Outdoor temperature Text [°Cl] 0 200 400 600 800 1000

Required Thermal Power Q [MW]

Minimum cooling power requirement
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Integrating the demand : the whole canton
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80 - Minimum power requirement for heating 6°<’
and hot water production (Mid-Season) : :

N
o

o))
o

U
o
|

Heat power requirements gp for residential and admlmstratlve 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 1129 2772 626 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 29.51 6.26 0.00 0.00 0.00
Resid4 2.89 856 2125 6.26 0.00 0.00 0.00
° Resid5 1.33 3.83 9.58 6.26 0.00 0.00 0.00
30 . PY .. .. Resid6 0.89 2.62 6.60 6.26 0.00 0.00 0.00
; 1 Scenarios: | e o mogmoex om oo
) ) o Resid8 1.75 513 1283 6.26 0.00 0.00 0.00
I ) Resid9 1.62 466 1166 6.26 0.00 0.00 0.00
B : Resid10  1.85 538 1342 6.26 0.00 0.00 0.00
) . _ Adminl 3.73 1099 27.64 2.09 0.00 0.00 0.00
20 AT R Z ... Admin2 3.72 1097 27.60 2.09 0.00 0.00 0.00
) ) 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 1413 2.09 15.00 9.55 0.00
| l ’ I | I | 2 O 3 O Admin6 155 439 1136 2.09 1655 1053 0.00
B Admin7 1.76 515 1330 2.09 15.36 9.78 0.00
1 O A e PR e 7. Admin9 2.30 6.72 1715 2.09 15.39 9.79 0.00
' Admin0 2.19 6.29 16.06 2.09 16.29 10.37 0.00
—— Adminl10 2.41 6.95 17.69 2.09 15.07 9.59 0.00

Minimum coollng power requwement

I I I

|
0 200 600 800 1000

Requwed Thermal Power Q [MW]

<GIPESE
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The urban system integration

e Multi Energy services Composite curve of the Geneva canton
- Electricity 80 - Minimum power requirement for heating <
o and hot water production (Mid-Season) s
- Heatin —
g s 60
- Cooling L 50
- Hot water % 40
Q .
- Refrigeration £ % Scenarios:
. = 20 ff = (005
- Industrial processes o+, #coolingrange | wiw 2030
. . R/l?nimum cooling power requirement
- Heat integration 3 po a0 e wg i
Composite CUIves Required Thermal Power Q [MW]
- Heat—temperature diagrams
- . Heating &
- thermal distribution Hot water production,
. Power [MW] at -6°C
‘SeaSOHal pl’OfIleS B 536 - 11.11 [Mw]
[ 287-535
e stochastic ! ] vo8- 280

= Evolution scenarios

= huildings stock

= refurbishment

</‘ |PESE Girardin, etal.."EnerGis: A Geographical Information Based System for the Evaluation of Integrated Energy Conversion Systems in Urban Areas.” Energy 35, no. 2 (2010): .‘Rﬂ.
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Heat pumps and local renewable resources

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

TR
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Resources localisation

2
»,,;'}

Most appropriate Heat pumps
technologies by sector

|:| No consumption

Surface water (network)

Waste water treatment plant (network)

7/// Groundwater

‘ 2 A
”/‘/A

l' '/4 '
"g‘ '04"1" >
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Integrate resources

Table 4
Theorical COP efficiency factors.

Type Size T 1cor(2005)  1cor(2030)
Air/water Local Text — 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

Optimal COP
Scenario 2030

4

A HP Water/Water 5/50°C e
O HP Water/Water 0/50°C \ AS .-
O  HP Water/Water -5/50°C|  qof™ e 2

38+
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w
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@
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w
T

Measured COP

N
®
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N
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N
~
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o
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Fig. 13. COP map considering the available resources for heat pumping in 2030.
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Waste water reuse District Heating Perspective

Potential = 330 Wi,/hab

Heating & )
Power IMWI ot o §!j§ ? Usable = 185 W/hab
S o001 Heat demand = 440 W/hab

[ 287-5.35

o T § Electricity cons. = 33 W/hab
500 Space heating demando?la kWhi/m? < 1 kvve
. A H N N H N N
S e s Biogas 9 kKW
440 kWi, 1000 hab D— 3 KWi
=t 15 °C

40°c 1L Sludge 6 kWi
300 KW 5 1/s/1000 hab 9 KWin
O 13°C-16°C 200 kWi
% 60 kWi ) 3°0
2 N
COP=6.2 [ COP =4.8
E 10 kWe 50 kWe
Network v
F — N °
i 70 kWi 250 kWhn

Girardin et al., ENERGIS, A geographical information based system for the evaluation
~IPESE of integrated energy conversion systems in urban areas, Energy, 2010
. ‘ ey S P
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Industrial Symbiosis : Valorising waste heat

Cogeneration

- Sharing resources
ctricit Cascading heat

- >
Ol ce Gintng w3
S= & vieatizs

e F‘—. Toa¥ic
—rozeae ==
-

Industrial site

=

District heatin

1

“m |
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Waste management

</|IPESE

v 0,5 t/h alu. residue from recydling to landfill
Gas I
Network > P——
0,341 t/h alu
200 MW 1,457 th PET
\ 4 1,302 t/h carton >
Gas Boiler th mi
0.5th Sorﬂng ‘MX. Methanat'nn 88,8 MW (inc.) |
S0 F 0% n=0.9 Y ‘; 4,5 MW (rec.
179,7 MW ’ ' 1,1 MW (meth.)
70/90°C
249 t/h OMR
|24, : Landfill fwa
2,4 th org. w e Atm (t’er/
L2 4 C. 4thglass | 36,6 t/h . \ 4 groun
Jot W 'ty 3.1 th mix. 0.6 th rec. ash
. 4,8 th rec. clinkers
DHN > | 22th paper Incinerator | [ = — —— P Evac.
N 4 th rec. glass
120/80°C 505 MW 0,45 MW 0,244 h rec. alu
2,16 t./h compost
Recycling
i e | 2mw oMW —
Process unit
. . Market
E— Utlllty unit 3,3 MW (aircondenser)
Heat flux 0 MW
— Electricity flux
Gas flux
— Biogas flux
MSW mass flux (total)
Residue / Compost
— — Ash / clinkers
Polutants

Recycled waste / by-products
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District heating : infrastructure development

£ 1.05 /
<P x LA

|4w180.°“\\7‘\\ ////
Heat Loss 8% @ 100 °C
1053 ) (depends on temperature) i

kw 7, N
kw 70
kw 18
1.0525 — —

1.052 —
$ Q

1.0515

1.051 ‘
) ;
£
I///
1.0805 ‘
e
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07

Peak shaving

0.6 /’\
Offices
y \

N
E 04 \
g l ——Cumulé
g == Locatif
H [ cumulated — —Bureau
303
3
¥

0.2

Household \
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Interest of district heating systems

e Size (mutualisation) . \ Example gas engine
_efficien cy s L\ T i ot .
46 \\\ 2000
—cost \ N .
. o o ) “ N~ I/e §
e Higher technicity 3 @ \>//”
i - o §
e Energy services companies ~_ Tlth| -
38 ~— 1000
e Access to local Resources - ——
N / Specific cost
g —Wa'ter 3 0 /% 1000 2000 i t: fo 4000 5000 600(?00
% T Bl OMmass Figur: 11: Rendements et prix d’'un/moteur 4 gaz pour la cogénération
— Geothermal Building District heating
. e Optimal Management
- —Peak shaving
—Market
<IPESE L (gl




Heat distribution cost : cts CHF/annual kWh

ildi i Indice de colt des réseaux cts/kWh
» Building density Température aller : 90°C.

» nb + m2 B 0s5-1.08

» Power density B 109-145
| 146-1.94
» Annual energy ] 195-256

-3.29

Ap
Lpan = 2(Np — 1)K m
b

S
supply — Treturn + (Tsupp/y — Treturn) - (1 +
Tsupply - Tground

floss,ref Tref — Tground

. _ .
Q@pHN = MPHN Peiuid (Tgyppry, — Treturn)

Amppy
dpHN =

7 Vs P T;;pp/y)

ry- LENI-IGM-STI-EPFL 2012

1
(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 CHF/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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Laboratory- LENI-IGM-STI-EPFL 2012

arechal@epfl.ch ©Industrial Energy Systems

District heating

Centralized & ,_Qu._>
Local HP ’

O

h

5t

40 |
Centralized

HP B

30|
w‘IIIEiI}<»-IZ; 25
20|

lo: 8
¢ e .15
Renewables = 10

Network

15 20 25 a0
01[MW]
What is the temperature of the network

10

(S0 5

0
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Energy system design

Resources : solar, geothermal, wind, water
Efficiency : refurbishment, heat recovery
Energy conversion : heat pumps, cogeneration, boilers

Energy management : storage tanks, batteries

Investments : size, location
Interconnections : multi-energy grids
Operation : peak shaving, flexibility, security of supply

Emissions

—_—
/ Co™

Gas Grid

Ne Nk Mp

9% — Z Z Z Ht Q:é}l:,t

e=1k=1t=1

Electricity
Cgrid

Water

Fuel

—

Electricity

Cgrid
Water

Fuel

002 grid

—

<GIPESE

Investment

Ne Nk
C”w = E g Qe + Qe * Se,k:

e=1k=1
Cpipes

Maintenance
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Superstructure slave optimization model

Layers

<{IPESE

On/off states

Local balancing layers(L,,)

Power / material streams

° +/_ . _"_/_
g7Lb17Se P Mg,Lbl,Sf,p

Global balancing layers (ng)

Power / material streams

>
EH/- M

gangysmP g,Lug,s¢,pP

Heat cascading layer (L;)

Hot & cols streams
—>

ary
gaLhasj/hp

«* Distribution network

: [ \
min Z OPEX(ys,¥s,p; Us, Us,

Op. utilization levels

NN o

CO,-eq tax
AL ¥
)+ > _(p x tco, x Ap)
p=1 _K

Total impacts

Transportation
Material flows
Trade-off between transportation

systems

v

AN NN

Heat cascade restriction

Layout (GIS)
Operating schedule
Fluid type

Heat flows

i

Ys, ¥s.p
uSauS,

Ys: ¥Ys,p
Us, Us p

Ys, ¥Ys,p
Us, Us,p

K

Local balancing equations

-

Transportation equations

O

C

(-

-

O

Heat cascading equations

“¥ Network equations

e e
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List of technology options in the data base

<GIPESE

Resources Conversion Technologies Networks
A A A
- D L — N\ (m— D
So.lar. Gas engine Waste-water Local district
(_Irradiation N ) __treatment J | heating networks |
[ Geothermal | N Gas turbine ] Gas boiler - )
| heat | | Ll J | (centralized) | Global district
- \ P N, —— | heating networks |
: Gas boiler
Natural gas Combined cycle >0 f?
. J I | ) (decentralized) |
E/?CtrlClty - _ ] ( R Services
 import | Incinerator Steam cycle g A \
Woody r N ) Energy services
. \__biomass _J ; Heat pump Biomass boiler .
................................................ : I | ) | [ Space ] [Domesttc]
R o ™ (O — heating hot water
Biomethanation Biogas boiler
Mgmapal Waste- \ /X < Electricity
solid waste water [ N\ ( )
— Gasifier Biogas turbine
Municipal L J) \ y
Organic waste s N )
Air dryer Biogas engine
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Each node is a process with network connections

el = 0.668 +0.0179 - log(9)

Gasturbine — | B VS, 0000000~ 1 - . _ _ _ _ |
" = 0.8 — € W
’IrITOt_ - O aw PAC_net X Isz |
COPHP — 77 . TlOt ;_—Tcold' _t_)_k_»_ k ‘
; —@ Heat-pump X net_ww 1
[ 151 aW Heat-exchanger WW t s k . ‘
| t7k tech t’k |
' t.k,e '
| .
| Central technologies ;
| & processes v Mb;;ild .,UE!ding demand
| t ‘
| > »> ’ - - - =
| CPbc])ciler Q?VIZ: |
! | & " Local ‘
| _@ technologies |
. I X&W ! : .
V\./ater.: mt, I C indds - | \'I/'\i/r?tehznmlo,
Tin, hin S * | ,
il > 1 .
| aw
return : moo, + L |
Tout, hout | yv— T ’ v
fu , 11O _'Rewmpipe < - |
return : mo;,
cons - exp Tin, hin
t) | Electricity Et,k _

<GIPESE
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Multi-period problem (for the day of a month)

node k

Heat exchange by
heat cascade
model

Electricity balance

Mg k,p

Yi k

4 Technologies w, @node k period p )
/ Demand @node Kk, period p
n, 1y
Z uw,k,pqw,k,p,r + Qk,p,d,r + Rk,p,r+1 _ Rk,p,r =0
Vr =1,..n,
w=1 =1 Vp = ,..,rrllp
Vk =1,..m
R, 20, R, R, =0
nW
+ - _
2 uw,k,pew,k, g + k,p d,r + E Ek,p 0
w=l E,jp >0, E,>0
Existence : w in location k
Y kpUmin,, = Uy jp < Vw =1L..n, ¥p =1,.,n, Vk=1.nm
Upkp < Uy g Vw,k,p YwkUmin,, < Uk < Vo pUmax,, VKW
Water: mij, W{s_tlter:hrlmo,
Tin, hin n, nin

return : Moo

>

Nnode

RN

i=1,i#k

Yik - mmzn S mi,k P < Yik - mmaw

max
mka<mzk

Qloss _

<

° ¢

Tout, hout/ —

Costpipe

Epump,i,k,p

<GIPESE

Z Z yz k- Cfpzpe lengthz kTt mmaw : dpipe ’ lengthi,k:)
i=1,i1%k k=1,k#i

0 . 1
= Yi,k " Epipe - lengthi,k + M k,p - Epipe,i,k

Daily thermal storage, in Computers & Chemical Engineering, 2013a

return : mo;,
Tin, hin

S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul -Period Optimization of district energy systems: II-
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ﬁ\_ﬂ'l .ﬁ"fEL

AR

Building Tree

Power Plants

PowerPlants

nnnnnn

—

Global balancing layers (Lbg):

Power / resource streams
N

._/+

. _/+
E g'nglep

g'ng'Sep

Heat cascading layers (Lh)

Hot & cold streams_

Cd

N

2.

s=1

. _ _
(Egrid,ng,p_Egrid;l'bg;p) - 0

+ =
g,ng,Se,p_Eg,ng,Se,p)] —

- . Usp
Z Z z[uw X (Mg'ng'Sf'P_ H'ng,sf,p)] —Bp,,f=0
g=1p=1__ s=1 Ys.p
Locatlons(g)\> - -—-—————--—-—-‘-——_:::_: ;
\ /,’ :::___h____: —————————— e K
.7 == TT==a__ - e /
et ,
S -:::_—_— _____ e \ /l
\\\\\ ____________ /, \\ II us’p
/ T ” Ysp
N] Ny
A+ o . . B
[usp X (Z Qg:thSj:k,P - 2 Qg,Lh,s,-,k,p)] + Rgik+1p —Rgrpkp =0 U,
j=1 l=1 )
Ysp

0;1F
9,Lhsik,p

Local Balancing layers (Lbi):

Power / resource streamg
L

. _/+
9.LpuSfp

. _/+
9.Lpi,Sep

<(IPESE

Ns Ng \
o n . _

Z[us,p X Z(E ,Lbl,se,p_Eg,Lbl,Se,p)] - O

s=1 e=1

N¢ N

S e _
z Z[us'p X (Mg'Lbl,,sf;P Mg,Lbl,sf'P)] Bg'ng'f Z 0
g=1s=1
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District heating supestructure

<IPES

(
1
1 p—
i Heating networks layers ~  _amee------o--oo- SPTC
H -7 e _——"——::/‘ F
1 7 - T Tem=al . _--T Pie ’
1 = 7
I | S e . \ /
: / BN e AN /!
\\ _____ \ ’
i Locations(g) > d@mnm------"""" "ol Lo
1
)
1
1
1
[ Ng 5+ Hloss h+
1 X _ —_ =
| distribution network in Z.q:l'g*-q'[uNg,g’ Lrp QNg.g’ Lnk"sp N g 'Lh'k”'p] QNg’ Ly p=0
i Heat cascading layer (Lh)
i Ng - o —0
! Hot & cold streams Zg'=1,g¢g’[uNg_gr Lpp X QNggr .Lh,k”k,p] - QNg Lk p—
! ;
1N . _/+
| S
i g g,Lh,Si/j.k”,p N Njg Nig
1 A . 5 o
:3 Z[us,p X (Z Qg,Lh,sj,k”,p - Qg'LhrSi:k”'p)] + Rg,Lh,k”+1,p — BaLp k" p
= s=1 j=1 i=1 u
1 )+ ) — _ S,p
i +(Q Ng,Lh,k”,p - Q Ng,Lh,k”,p) =0 y
1 S,p
1
1
1
1
1
N
i Transportation in - M- 7 e M- _
i global balancing layers (Lbg): [usp X ( 9Lpg.fp g,ng.Sf,p)] = ( 9lbgfp — g.ng.f.p) =0
1 g=1
1
1
1 Ng
i Fuel / material / resource streams . o o
i 1—/+ i Z My, grivgro t Fongro = MgLogrp
= 14
i 9.LbuSfp 9=19*9
1 NG
1
1
1 r+ O _ ot
i z , MXg_gr,ng.f,p i Fg’,ng,f,p - Mg’,ng,f,p
i g=19%g
1

Routing algorithm

(|




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

Management of storage during the day (multi-period/multi-time)

Mg k,p

Yi k

return :

4 Technologies w, @node k period p and time t(p) )
. . Demand @node k, period p and time t(p
w d R
Z uw,k,pqw,k,p Qk,p d,r + Rk,p r+1 Rk,p, N =0
w=1 v,razl 71;
Vk =1,..,n
Rk,p,r 2 O’
nW
Z Mw’k’ Ek O
w=1 20, E,20
Yk pUming, = Uk p < Vi, VW = LonyVp = 1...n, Vk = 1,..m
Uy k.p < Uy k , in,, < Uy < yw,kumaxw Vk,w

Water: mi,

heat demand

l—{ HEXh,_,(t)

Buildings inertia
Batteries

‘—{HEX (t)}—H—{HDgI (t)}—H—{HEX (l)bU\—{HEX (t)}JL\HEx (t)Q—T Water: mio’

Storage system

MOo

l nnzode l Yik - mmzn S mz,k,p < Yik - mmaw
Q 0SS __ q OSS( zn ml k; p < max
i=1,i#k mZ kap — mZ k

N—"

Tlﬂ hln Ut'httgt HEX: Heal exchanger Tin, hin ::
) »\

Tout, hout/ —

<GIPESE

COStpipe — Z Z yz k- Cfpzpe lengthz kTt mmam : dpz'pe ' lengthi,k:)

Epump,i,k,p

i=1,itk k=1, ki Tin, hin
0 . 1
= Yi,k " Epipe - lengthi,k + M k,p - Epipe,i,k

Daily thermal storage, in Computers & Chemical Engineering, 2013a

return : mo;,

S. Fazlollahi, G. Becker and F. Maréchal. Multi-Objectives, Mul -Period Optimization of district energy systems: II-
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Storage tank model

Storage tank Model

nt nl MSh,l nSec,l
§ (ths : dp,t § ( § fu,p,ch,l,u,p,f - § fu,p,tM(:,l,u,p‘t)) =0
t=1 =1 h;=1 =1
t nl MSn,l nsc,l
My,pe = Mo, + E (cfns - dpu E ( E SuptMp i upt — § fu,p,tMc,l,u.p,t))
t=1 =1 h;=1 P

Vi=1..,nl Vt=1...,nt

M >0 Moy >0 Vi=1l.,nl Vt=1l..nt

nl nl

> My < Myo ST Moy < My Vi=1l..,nl Yt=1..nt
1=1 =1

nl MSh,

t
Mou+ > (cfnsdpr D (D FutMniups))
=1 =1 hy=1

nl  MSc,

t—1
=D (Cfnsdpr > (D FuptMetupt)) — Mipe >0 Vi=1.,nl Vt=1.,nt
t=1 =1 h;=1

Qe = Fupt - Mepupt - cp (Tstar — Tstr)

Q = - My, cep - (T — T
» SLu,p, > S+
hi,l fu,p,t h,lu,p,t * Cp ( st,l st,l 1)

Heat losses in storage tanks

fri-4- My

;' (Toy —Ta)  Vi=1..,nl Vt=1.,nt
p-

Qi pt = kni -

WithA:ﬂ"d'}L,V:ﬂ"§'h

<IPESE

(13)

(14)

(16)

amn)

(18)

(19)

(20)

Variables

cyp
dp,t
c:;,p‘t
C;l,p,t
C;p,t

E .fJ"r,uvp,t
Eel,lt,p,t
Cy

fu,p,t
Yu,p,t
Qh,,s,k,m,p,f,

ths(s),s,k,p,t
Rs,k:,p,t

C.fhs

]y[h,l,u,p,t
]L]c,l,u,p,t

My,

heat demand

number of cycles of period p

operating time of time slice ¢ in period p

electricity purchase costfor time slice ¢ in period p

Electrcity selling price for time slice ¢ in period p.

is the fuel price for time slice ¢ in period p.

nominal energy delivered to unit u for time slice ¢ in period p

nominal electricity demand(™) or excess(™) of unit « for time slice ¢ in period p.
is the nominal operating cost per hour of unit u (excluding the fuel and elec-
tricity costs).

multiplication factor of unit u for time slice ¢ in period p

use of unit v in time slice ¢ in period p.

nominal heat load of hot stream h in sub-system s and temperature interval k,
belonging to unit u and in time slice t.

Heat supplied to the heat transfer fluid in the temperature interval k£ and in
time slice t)

cascaded heat to the lower temperature interval £k in sub-system s.

unit conversion factor

nominal flow-rates of the hot stream of storage tank

nominal flowrate of the cold stream respectively in time slice ¢.

initial water content of tank [.

heat demand heat demand heat demand heat demand

x
l—{HEx h,(t)

Storage tank
1

HL T HL

t 1
l_{HEx h (t) l_{ HEX h(t)

Storage tank
|

X
l—{HEX h,(t)

Storage tank
2

l—{ HEX h,,(t)

Storage tank
nl

T

T HL T HL T HL T HL|

stnl

st,1 st,2 st,. st st,
‘—{ HEX c, (1) }J ‘—{ HEX o,(1) }J ‘—{ HEX ¢ (1) }J ‘—{ HEX o1) }J L{ HEX cm_‘(l)’J
T T f T T

heat excess

heat excess heat excess heat excess heat excess

HEX: Heat exchangers

Units for heat integration HL: Heat losses
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Comparison between storage and not in the central plant

Reference case

Il Incinerator
Total heat | Incinerator Biomass Coal Peak 150 150 150 2i°r|"ass
. . . oal
demand (OM) boiler boiler gas boiler I Natural gas
E‘ 100 100 100 :
[GWh] 300 180 48.7 156 0.6 =
g 50 50 50
«
L o
150 150 150 A . ]
Biomass boiler § © % 5 10 15 20 % 5 10 15 20 % 5 10 15 20
Coal boiler Lo Day1 Day.2 Day.2
100 100 100 Il Natural gas boi % . .
= 60 60 Storage 60 | Dlsch?rglng
S Il Charging
o 40 40 40
50 50 50 5
E o 20 20 20
S
0 0 0
: il S P e g ‘-'L‘J
= o 0 3 20 -20 -20
c 5 10 15 20 5 10 15 20 5 10 15 20 o
o Day 1 Day 2 Day 3 -40 -40 -40
'ﬁ -60 -60 -60
—— 0 5 10 15 20 o 5 10 15 20 0 5 10 15 20
© Day 1 Day 2 Day 3
O 150 150 150
[
n Reference case Il incinerator
100 100 100 Biomass
150 150 150 Coal
Il Gas boiler
50 50 50 = 100 100 100
JE e . . o
5 10 15 20 5 10 15 20 5 10 15 20
% 5 10 15 20 % 5 10 15 20 % 5 10 15 20
Dayv.4 Rav 5 Dav 6
Heat cost: 51 [€/MWh] - Storage B Discharging
. 10% °0 80 60 Il Charging

CO,:

197 [kg/MWh]

Heat cost: 46 [€/MWh]

CO,:
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197 [kg/MWh] |

—

Marginal inv. costs
300 [€/m3/year]

Power output referfence case

0 5 10 15 20

Day 4

0 5 10 15 20
Day 5

5 10 15 20
Day 6

(|



Evaluation of the operational cost

e 40 time steps :

e 7 days*5 sequence + | Extreme * 5
e Probability of appearance

e =>number of days

Heat demand & Outdoor temperature: 20 years

20 x 8760 hours

o
[=]

o
D (=]

Heat demand [MW]
o
o

- N W A O
o
o

o
o
T

5
o

é 21 é é 16 1‘2 1‘4 1‘6
T T T T T T T T X 104
i | \*Outdoor temperature\
1 ! w ‘ Il
175200 hours

N
o
T

Outdoor temperature
(=)

x10*
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MILP problem size

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

computational load?

o QJ
No. time steps 35 312 8760 -
Constraints 7400 65000 1830000 _5
+
)

Variables 6200 54000 1520000 E y =208.89x +149.75
Binary variables 400 3700 104000 ;5)'_

Resolution Time [s] 23 85 2700 No. time step

<GIPESE

While achieving accurate representation of data!
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I-Data structuring: Typical periods selection method

K-means clustering

€' and Ny
are known?

A 3 ) Run k-means several times for

. 1 Nl( € {1! ey Nmrn'} thh Vv E {1; ey vmnv}
/ 4\1 Calculate values of performance indicators,
\

ESE(vy,), C(v\,) and D(v,,) for
Ni € {1, ..., Npor} With v € {1, ..., Vyiv }

I = ‘raw the Pareto frontier of each performance indicator and

\

- select ,the minimurNgccepted number of clusters
/ ’6‘) Select the optimal typical periods, in which;
\ !
= N]z > Nk and
N @ [min{C(vy, )VNk}, max{D(vy, )VNy}.
min{ ESE(vy, )VNy}]
i 7\1 Add extreme typical periods

Generate the segmented
typical periods
S.T:  k-means clustering
P(j)<= E]Fl

K-means clustering

—>

,; \ Increase V=
NZY a *
No ’_’ €; or Ny
yes
l v \
New starting point Generate N* typical
A V=V+1 periods
S.T:  k-means clustering
No Converge? N P(j)<= EJQ
yes

K-means clustering

Segmented typical periods: [/}

14th February 2013

PhD Thesis Defense




I-Data structuring: Typical periods selection method

I = Sraw the Pareto frontier of each performance indicator and
\|.- 7 select N Ié ,the minimum accepted number of clusters

N/: the indicators’ improvement on the Pareto frontier from Nito N+ 1is not significant

At least we need 5
clusters

Normalized Pareto frontiers of performance indicators for each type of attributes

14th February 2013 PhD Thesis Defense
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Typical days definition

e 40 time steps : 7 days*5 sequence + | Extreme * 5

=> instead of 8760 hours

e Probability of appearance (number of days)

e Using clustering techniques

Heatlng and hot water demand with 8 segmented typical perlods

— \U T
§ 500,'1 3
i #.,;%ﬁ___ B
= @ o e .4 II i
§ e Mﬁ I’I o Pt " " r-
- 1ooo 2ooo 3ooo 4ooo 5ooo 6000 7ooo sooo
S 150 Electricity demand with segmented typical perigds _L
5= h i) A "f‘l‘ LIL.M» JuMm ol li i,
E o 1008 b ﬁ‘ e ﬂt, -
v 8% sol-
S us \
1ooo 2ooo 3ooo 4ooo 5000 sooo 7ooo sooo
5 0
0 8 — ‘
: 'g_; 100 EIectrlclty price W|th segmented typical perlods |
2= ol g i b ljJu
jj g § 50 %MM ottt J ol bt 4t .llnkl %# |||m|||d Original
m _.g i Iu!l & |" PO ey A lﬂ o m profile
i OM \ w | e Day1
_ 1000 2000 3000 4ooo 5ooo 6000 7000 e Day?2
"g Solar irradiation with segmented typical perlodsd LDC for Day 3
= : : Day 4
S 800 “ me N Day 5
.
E 400 | I | | IW || | I \ Illll || |||| .“W ." m [® ° Daz 7
ey ¥ M MMM el e ooy
<) *n |||||| 3 e )
) 0 i c @ P 3¢

I D& B8 @8 ¢ .
1000 2000 3000 5000 6000
loul ar
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7000 8000

Validation is performed

0.3-4.1% errors
40 times faster
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The difficulty of the urban size

A list of “mtegrated Green area
River/ground water
Road

Railway

Building

60,000 buildings

zones” based on
GIS data

103
()]
N 200 ¢
(5]
No. buildings 5 7 13 470 S
Constraints (x103) 63 88 210 9000 |
Variables (x103) 190 260 575 27000 4§_ | y=1.8125x2-14.25x + 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?

(|




rancois.marechal®epfl.ch ©Industrial Energy Systems Laboratory- LENI-IGM-STI-EPFL 2012

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
=smmmm  River/ground water
wesss Road
= Railway

® Building

- 380 buildings

5.82 . 5.83
g, Coordinate

19 integrated zones
1.4851 g} \’\L‘g‘ i

b4

gy Coordinate

1 Il
5.s% 5.83
9, oordinate
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GIS clustering

Green area
== River/ground water
wees Road
= Railway

® Building

g_coordinate [m]

y

v

1 1
5.05 5.1

5
g, coordinate [m]

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
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Master slave decomposition

- Energy-integration

I-Data lI-Master non-linear optimization (EMOO)
Structuring M L
S aster optimization
P '@ S € Evolutionary, multi-objective TAC, EFF, MCO
Conversion algorithm
technologies ¢ @
/7 N3-SlaveMILP Y., U, A
optimization (ElO) Tin/out, tco, : 'ghermo-economic
Energy imulation models

demand profiles:

Typical periods

- Mass & energy balance

@T

Thermo-economic

[

|

1

i

: Optimization:

i

i

P - Distribution networks

1
‘ Energy sources \

T - in/out T,
Is’p7 QS,P7 ts,p{ ’ Es,p7

e state of selected
Ms,p7C87U;nax S I\

equipment

- Thermal storage

®

A 4

Peak load &
Backup equipment

3> Optimal system
configurationand ()} Ys»Ys.p

operation
B Us, us,p

; S

Environomic evaluation:
{EFF, TAC, Mc02}

o e ————

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

A list of “integrated
zones” based on
GIS data

Pareto (FTTTTTTTTmTm S CmTTETT e \

optimal \ I Sensitivity ! I Performances i
_". analysis ,'_". evaluation }—b Final decision

\ \ 7
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C. Weber, (2007), S. Fazlollahi (2014)
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Multi-objective optimisation : application to a canton
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* 3 Objectives optimisation
* Scenarios generation

Efficiency [%]
. | - mm78
75" Reference case:
Decentralized boilers
7,
§ 6.5
§
@ 6 :
c Scenario 2: . I56.8
5 :
S oo gl Local networks .
@ > 450,000 Population
2 Scenario 3: )
3 ST Global networks 246 km
£ - lago 60,000 buildings
‘?,' o7 4637 GWh/year space heating
8N al 954 GWhyear hot water
870 GWh/year electricity
35" ! | s
[ J
: °
Scenario 4 °* o
o

25 | | | | | | | J
1300 1400 1500 1600 1700 1800 1900 2000 2100
Total annual costs [Euro/an/capl
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Topics covered

e Tools for the analysis and design of more efficient
and sustainable industrial and urban energy systems,
with a particular focus on:

—Energy system models

* System integration : multi-period

* Optimal system operation : multi-time (typical days)
— [ hermo economic and environomic models

* Energy system design (location, selection and size of

equipment)

* Superstructures : list of options

—Multi objective optimisation techniques

—Decision support

(|
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