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Model predictive control integration in a building

Water grid Waste Water Grid
Energy services
Comfort
Hot water |
E I eC‘tri C |‘ty Natural gas grid Electrical grid Helat pump/HVAC Sharrand
E'm0b|l|ty h 4 Batteries
Energy efficiency - | o
- . . > Domestic / PV
BUlldlng eﬂ:|C|ency |7 Hot water tanks %
Solar integration Tatorage o i
Photovoltaic e s
Thermal '  People
Hybrld Heating/Cooling , /nght >
» tanks
Energy conversion system Big Data grid : Mass
A T storage
Heat pumps , v
. Cons. profiles
Cogeneratlon % Smart Optimal Predictive Control Management Box
Heat storage Price
Electricity storage v el {
Meteo
Smart info (WIFI-GPS-GSM) T ambient
G T

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE



Energy system design problem

» Energy system = for each building system (n)

» Investments (expected life time : 20 Years)

» Energy Conversion Units Vu € Units;Vn € Nodes = Sizey, p

» Storage Vs € Storage;Vn € Nodes = Vy
Nodes Unzits

I(Sizeyn)+1(Vsn))

n=1 wu=1

» Operating costs (expected operation time = 25x8760h)

» Management strategy Vs € Storage;Vn € Nodes; Vt € time = 1y, (1), Vs n(t), E(t)

/tzzme( Z (¢ () () n(8)) + cF (t)ET(t))dt

» Constraints . .
Vn € Nodes;Vt € Time; Ve € Cons. = Qn.c(t), En c(t)

» Energy services Nodes
» Grid capacities Vt € Time : Z E(t) < Epas(t)
» Grid constraints "= Nodes

q+15 . .
Vq € quarter(Time) : Z / !En(t) — E,(t— 1)} dt < AFEq:(t)
t=q

n=1

<UIPESE (L



mailto:francois.marechal@epfl.ch

Constraints

Electricity production (elsorc(t) + elyrialt)) — (elrc(t) + elpac(t) + cons el(t)) > 0(kW) (2)
Heat production elsorc(t)/ne = ni — ((AC2(t)/AC2c0p) + HEX -heat(t) + unusable-heat(t)) > 0(kW)  (3)
stored energy(t) = stored energy(t —1)— storage losses(t) — storageq:(t) + storagein (t)(kJ) (4)

Storage balance Ttoei(t = 1) = Tyoer(t = 24)(C) (5)  cyclic constraint
losses_param = 10% = stock size = pyater * CPyater * (Tinar — Troom ) (kJ) (6)
Storage losses  storage.losses(t) = losses.param * 2:?2:[‘)0 % (Tstoek(t) — Troom) /[ (Tinaz — Troom ) (kW) (7)

cons_heat(t) = HEX heat(t) — heat_stock;,(t) + heat_stock,:(t) + elp4c(t) * COPpac (kW) (8)

Heat/cool cons cons_cool(t) = AC2(t) — cool _stock,,(t) + cool stock,,:(t) + elpc(t) = RCoop(kW)  (9)

t=1...24
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Multi-objective optimization (e-moo) to study different system
~configurations

Objectives

Operation expenses
P T
i el+  ET —opth T L E™ ng,+ gt -d, -
min > > (op,; “Egrid,p,t = Ppt " Egrid p,e T OPp.t Harid p,¢)  dp - dt (1)

Capital expenses

U
1
= Z invy y - yu +invy - Fy < €jpy (2)
T u=1
Grid multiple
(Ef.. ~—E_.. )
. Tgrld,p,t grid,p,t < egm 5
il = e
ne gl(Egrid,P,t Egrid,p,t)
subject to:

@ Energy & Mass balances, Heat cascade & Modelling constraints
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Optimal design of solar integrated systems

The grid is a seasonal battery

. ] ) Energy system Off-site storage
Single family house : 4 pers 160 m2 : with heat pump o
PV array 88 m? edox Battery
L 5000 Battery 4.95 kWh 8.14 MWh
e HW tank 2.43 m3 406.9 m3 (20 Wh/l)
0.9 -, Heat Pump 3.59 kW 4°070°000 € (500 €/kWh)
1+ SC 4000
0.8 - o Annual energy balance
07 _ R 3000
o w.‘ Energy system Off-site storage
0.6 * .S.E., 12000 PV array 109.7 m?2 Redox Battery
Q ¢ u Leeer *° = Battery 7 kWh 10.8 MWh
= 0.5 LN vest® e*® o, HW tank 2.46 m3 540.2 m3
§ ., e 11000 » Heat Pump 3.5 kW 5400°000 €
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0 - e, e 1000 Energy system Off-site storage
. Tome PV array 156.9 m? Redox Battery
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i . - Fig4. Pareto front for HP system configuration HW tank 2.39 m3 854.6 m3
o0& - : Heat Pump 3.7 kW 87550000 €
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E-technology : model predictive control

Shaded self-consumption
Green Export [kW]
Red Generation [kW]
. . Caselll |
g .
zos) n - £
20 ., I o 1000 ;
v o .. Casell
l ) '
PV surface per ERAY<]
Case IV ..
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. Cost of Comfort 3500

@ 2000 - 3000 CHF/year/100 m2 Self-consumption 09
@ 66 CHF/month/hab 3008 P = e
g 60 % investment A =N |08 S
@ up to 80% CO2 emission reduction S Q =
S 2500 07 §
I 3
i c
e : 9, 06 9
B AHP Air-source heat pump, £ 2000 o
B BAT Battery, ‘g 05 &
N BOI Boiler, L. g
. HWT Hot water tank, g 04 >
ELH Electrical heater - space heating § §
ELH Electrical heater — hot water production w 1000 B £
HST Heat storage tank §: 02 &
PVA Photovoltaic array, 500 O 3

P STP Solar thermal panel
I OPEX Operating expenditure

o O 1<
= i @e‘(-guiicier{cy .

0

Solutions
Single family house 1970-1980 — without grid peak constraint

MPC increases by 40% the self consumption

Stadler P, Girardin L, Ashouri A and Maréchal F (2018) Contribution of Model Predictive Control in the Integration of Renewable Energy Sources within the Built Environment. Front. Energy Res. 6:22. doi: 10.3389/fenrg.2018.00022



No constraint Max : 50% of the mean power
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FIGURE 9 | Multi-objective optimization results for a single-family house (Geneva, 1970-1980). Differences in operating costs between both control methods are
represented by the dark gray stacked boxes. The self-consumption and self-sufficiency are represented through dotted and solid lines, respectively (MPC circles and
RBC diamonds). (A) No egnm (i)-(ii). (B) egm = 1.5 (ii).

Stadler P, Girardin L, Ashouri A and Maréchal F (2018) Contribution of Model Predictive Control in the Integration of Renewable Energy Sources within the Built Environment. Front. Energy Res. 6:22. doi: 10.3389/fenrg.2018.00022



Considering the complete building stock

(a) 19 billion CHF/yr for factor 5 CO2
emissions reduction.

(b) Boiler phase out before renovation
(c) PV and renovation

further reduction needs seasonal storage

Self-sufficiency maps
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FIGURE 12 | Pareto fronts for Switzerland when applying MPC (circles) and
RBC (diamonds). The marker size reflects the renovation share of the current

built environment.
Stadler P, Girardin L, Ashouri A and Maréchal F (2018) Contribution of Model Predictive Control in the Integration of Renewable Energy Sources within the Built Environment. Front. Energy Res. 6:22. doi: 10.3389/fenrg.2018.00022



Input data
Historic day-ahead market price?
Normal. w.r.t. daily mean A, ;

Partitioning around medoids

A-priori classification w.r.t. periods

Iterative process (Vk)

Number selection k
Silhouette index

Cost definition opg,
Ongp,t =1+ Aspe) - op®!

Equivalent aggregated daily cost

Fig 1: Variation profiles [-] and associated cluster centre

(Zone Geneva-Cointrin)

Typical day 1
2 T T T T T
Orginial data

1+ —— Cluster centre | |
0
1k
2 1 1 1 1 1

0 4 8 12 16 20
3
2
1
0
1

Time [hr]

Fig 1: Flexible price profile for scenario s and day p
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What are the most likely price

variations that the system will
see !

* Define a flexible price of
electricity profile

- Apply to the system
operation when it has
advertised a given profile

3. Performance : capacity (F? [kWh]), power (FP° [kW]) and round-trip eff. (¢ [-])

Time
1 r r . -
F&y = ™ > 1 Epiaspe — Egridpee | Vp € Period, s € Scenario (9)
t=1
Fey = maxSOC; p ¢ Vp € Period, s € Scenario (10)
C. — S0C,
er _ (50Csp1 = S0Cspn) Vp € Period, s € Scenario (11)

ne = & ,
NI (AE, - dy)
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Building performance (solution I)

Ind. Value (imp/exp/gen)
E [MWh] 34.8 / 00.0 / 00.0
H [MWh] 00.0 / 00.0 / 00.0
COP [-] 3.00

Building energy system design (solution 1)

Unit Size

Heat pump 7.0 kWe
Battery 0 kKWhe
Boiler 0 KW p,
Water tank 022 md
Electric heater 14 KW,
Heat tank 1.0 m3
Photovoltaics 0 kW,
Solar thermal 0 m?
SOFC-CHP 0 kW

Median energy [kWh]

o N B~ O o O

Median power [kW]
o o o o
o N B O o

—_

Offered stored energy and power by the system

| | | | | | | | | | | |
s [ == 90% eff. ———80% eff. 60% eff. |

TN Roundtrip eﬁiciencyﬁ/ /--/"“—/f

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Annual equivalent battery performance

Equivalent power capacity cost [CHF/kW]

Equivalent Battery

10*

Apartment block (1970)

°
» EPFL-BESS _
O Solution | i . I
O Solution |l ‘
O Solution Il
O
103_ g‘, -]
O.
102 |
10’ 102

Equivalent energy capacity cost [CHF/kWh]



Electric power [W/m2]

Electric power [W/mz]

The building is also a “free” battery
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Electric power [W/m2]

Electric power [W/m2]

Including electrical mobility
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=L Modelling adaptation for decentralized
building energy systems in districts

%)
= Collection of renewable energy hubs at the building scale, 2 \
balanced at the low-voltage transformer \\Xf}
2
N\

(o
@
&,
» Inclusion of facades in optimization of district energy systems I Space Heating

« Piece-wise discretization of PV cost function 1 Hot Water
. Electricity
« Improvement solar heat gain model

Battery

Hot Water
Tanks

Method

| : /]
| Electrical Grid | ===—-—-- I——E——————'—;———————-‘-————? —————————
| Natural Gas Grid }._}. ..................................................................
| Fresh Water —

——  Water B Conversion Unit
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=L Modelling adaptation for decentralized
building energy systems in districts

= Collection of renewable energy hubs at the building scale,
balanced at the low-voltage transformer

’;\ Building 2

= Inclusion of facades in optimization of district energy systems , d*
Piece-wise discretization of PV cost function 1l ; Y
Improvement solar heat gain model : -

2 | . NTTT
ZL’Z dl2
= Shadowing cannot be neglected A
3D modelling of buildings in district

Shadows from vegetation neglected n

Method

Building 1

Skydome



EPFL  Role of facades

What is the potential of energy generation from PV in the district?

1.0 1.0 E 120 1.0
[ Facades account for: £, = 40% of potential

3% " o = 70% of potential £ 08 _ electricity generation
£ g = 80 < : o/ _
E 0.6 ' 06§ surface z oo d » shading losses 5%
2 ' S 5 60- g 25%
;é_ 0.4 ' o.uc; ; . Fo.4 2

0.2 4 H H w 0.2 g 20 4 0.2

0.0 f ':'I:||_|.ﬂ !IJ\J T ¢ . T 0.0 = 0 - L 0.0

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

. -
PV investment cost [CHF/mZ;,  yr] PV investment cost [CHF/mZ., « yr]

1 roof, oriented modules —— roof coverage = ;:ofsdelec;crgt.y " ;:°le°5|5
Il roof, horizontal modules facade coverage BN facades electricity cades loss
. A

0.7

~ 06 Optimal placement order: Resuls

E 0.5 -
E 0.4
]
2 0.3
[0
Q
> 0.2-
a.
i JL
0.0 'I_| |H T T T T T T T T T T T
3.4 45 56 6.7 124 135 146 15.7

T
1.1 2.2 7.9 9.0 10.1 11.2
PV investment cost [CHF/ mZg, ' yr ]

= south > west > east > north
= south facades before north roofs

I horizontal [ west B north [ roof facades
[ south Bl east
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Geometry

. X,¥,Z, coordinates, height

. roof and facades area & orientation
Classification

. type, renovation status
Thermodynamic properties

= supply/return temperature
. heat transfer/capacity factor

Grid

. allocated transformer, load measurements

Type ‘ Data ‘ Description

Environment ‘ Weather data ‘ Temperature and solar irradiation [48, 132

Land registery ‘ Cadastre

Official Buildings Registry

Buildings

‘ 3D model

ople presence, electrical loads, internal and
external gain [31, 131]

Location and parameters of transformer, lines
and injection points [135]

Load measurements

‘ Hourly load aggregated at the transformer [87,
135]

23

Modelling Swiss building stock

—)

Case Study
1 transformer
31 residential buildings
outskirts of Geneva, CH

Renewable
energy hub

Electricity demand
Space heating demand
Hot water demand
Heat gains

Grid Buildings

Transformers 1 Roofs (SwissBuilding3D)

I TR3716 — Fassade (SwissBuilding3D)
I TR4178 [ Land register
W TR5327 ° Federal register

Lines R
— Low voltage R

—— Medium voltage

- —

R

3

Method



ePFL Role of facades

Are PV installations on facades needed to become carbon neutral?

Yes. 41% of
available facades

Renewable energy hub: Cost optimal
solutions and performance indicators

5
1.0" I —
[ 4
0.81
~ 061 3
7
o
o
S -
> 0.4 ' I I I [l 2
©
L
2 (
< 021 1 -1
0.01 A Lo
\|
-0.2 1 ]

10 20 30 40
total investment cost [CHF/mZg, - yr]

self consumption
—e— self sufficiency
B investment PV system
investment storage system
investment remaining energy system
B operating expenses

—¥— global warming potential
—4— carbon payback time
PV system on facades

GWP [1071gcoz/m?yr], CPbt [yr]

Assumptions:

based on PV electricity only
no renovation

hourly CH electricity

grid mix 2019

exports are accounted

Results
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Renewable energy hub: Electricity balance

Facades anqre$\gv!!;a§on|gl oﬁaicgeigere!eg M)ecome self-sufficient?

Required grid storage size

2.00
surfaces fully covered
1.75 Tnn=0.40" = SS »
vy e electricity demand building 2 o4l
H. o - » — PV electricity generated é
1Ygos/ I\?lnlmu@l-”' sslfinsifg%gncy / PV electricity self-consumed 5:
0 O U.T.l; / %
. > 125 . g 03-
available ~ £®| roswy  SS / — gidasbattery,n =085 4 03 :
2 covered | T T 1| s grid as battery, n = 0.59 3
facadeS g 1.00 /S/ —— grid as battery, n = 0.40 %
T . / ‘g 0.2 1
% 0.75 - / ‘g
£ 050 / $ o1
0.25 - g
O
0.00 (0.32) (0.53) (0.81) (1.05) > T T T T T T T T
" 0.0 02 0.4 0.6 0.8 10 1.2 Jan Feb  Apr Jun  Aug Oct Dec Jan
PV panels installed [m3,/ m2g,] Time [h]
«  Self- sufficiency with more than Threshold for seasonal storage:
42% PV coverage 20% PV coverage
* Renovation can reduce PV and SS: 50% of generated PV
storage by 50% electricity needs to be stored
full SS solutions with n = 100% storage capacity ‘ PV coverage
Air HP 35.0 kW h/m?p , 41.9%
CO, HP 29.0 kWhimzp,, | (-17.1%) | 36.2% | (-13.6%)
- 25 Building envelope renovation 18.8 kWh/m%RA (-46.3%) 23.8% | (-43.2%)
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ePFL  Solar integration

How much electricity can be generated locally and cost-efficiently?

0.300 280
I === available roof area
1600 - I
g 0.275 260
T | =
% H available roof area 240 <
s 1400 | = 0.250 S
< ! 2 =
T 1500 4 E o All PV investments - 220 =
5 | i 0.225 economic S
g ” S 200 ¢
3 1000 - ﬂ G 0.200 A s
T N S . - 180 S
o i T e e e B g
a i B2 o 0.175 A k7]
800 - . ©
z L e Current tariffs - 160 C 3
P T, -
L e 0.150 - g
600 - E ................................ 140 < Results
T . T T T T nlll
0.2 0.4 0.26 . 0.8 1.0 0.125 - PV investment 120
PV panels [mj,/mgg,] not economic
0.100 T T T T . Y 100
PV investment ==+== AR- Tariffs Oct/ 25ct 0.00 0.0 0.04 0.06 0.08 0.10 0.12 0.14 0.16
- Annual Revenues (AR) === AR- Tariffs 8ct/15ct Feed-in price [CHF/kWh]
Economic analysis PV integration Result economic analysis (“Point A”)

- PV installation economically feasible for wide range of tariffs
- SS economically feasible at current tariffs AR — annual revenues
- PV investment not coordinated in the district SS — self-sufficiency

CN — carbon neutrality
] 26



Solution A : Micro grid level Investment
‘| Solution B : Building level investment

a0 np0r
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Multi-energy system
District heating and cooling
Heat recovery from industry
Centralised cogeneration
I | Mixed uses




The benefit of operating at the district level

Thermal
collector

Operating cost MILP Coordinated

} :} : el,— 7 ng,+
Opp t grld,p,t - Opp,t . Egrld p,t + Opp t grld D, t) d dt
p=1t=1

Investissement

U U repu

S Ferta - (Vi Yo +inva, - F))+ Y0y o T

u=1 u=1n=1

an1 ut Yu + inVQ,u : Fu) S €inv

Cinv Crep

Solution A : Micro grid level Investment
Solution B : Building level investment + District operation
Solution C : Building level investment + Building operation
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B sTC

Increase of self consumption

15% increase |

== (A)

(B)
—(©)

Solutions




=PrL

The Challenge : the size 4

780.000 4 million
variables variables
9000 binaries 44000 binaries

Reduction of input data Reduction of complexity
- time-series aggregation —~ decomposition

] 29
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Solving the size problem

L -
=
g L L
w
e )
S 2 . P
af z 2
2 T & g =
E § = S
._C:. Q 5 o
5 | g 3 - &
£ E s
3 3 A
=
-
=
jou
D - .
Subproblems MILP Building Models

. oL . . . . Method

(a) Dantzig-Wolfe decomposition algorithm [169]. (b) Application to centralized energy systems. e

MILP — mixed integer linear
programming



=PFL Dantzig-Wolfe Decomposition

0<Ajp<1 Viel, VbheB Main decision variable:

Y Aip=1 VbeB A: design proposal

iel

Y Y Aip- (ESys —EE) )-dp-di=EjRT—E;0T VpeP, VieT

iel beB
I L |
CP=CU+Y Y Ay CES
iel beB - R
. S
Master problem S - 8.
\\§ J g a -
E g N -
[Pb]szj VbeB| [Tpil= TRAfbj R PEP VIET Flactricity prices g = Design proposals
A(Zielﬂi,b) A( p,t’ _Ep,t’ ) y p \ g p p

MILP Building Models
obj, =min(C,” ;) VbeB

C” = ZZ_E{’;, B v oSt HE ) di-d, VbeB

peP reT

(b) Application to centralized energy systems. Method

Sub problems Main decision variable:
Unit installation & scheduling

J

CAPEX - capital expenses
MILP — mixed integer linear
programming



=L Districts as renewable energy hubs

Decentralized design strategy

At the building scale + post computation

Decentralized objective
Independent decisions

Method of Chapter 3

v XCentral units and constraints

2 Perspectives for both strategies:

building [] community

Difference: exchanges within community

|
v= ZpeP ZteT ((ZbeB Ef,;;,—t) - E;,I:’_) . dp -d; o i:. -

.gr'_
ZbEB zpePZteT Eb,p,t : dp ~dy

Method



=PrL

Geometry

. X,¥,Z, coordinates, height

. roof and facades area & orientation
Classification

. type, renovation status
Thermodynamic properties

= supply/return temperature
. heat transfer/capacity factor

Grid

. allocated transformer, load measurements

Type ‘ Data ‘ Description

Environment ‘ Weather data ‘ Temperature and solar irradiation [48, 132

Land registery ‘ Cadastre

Official Buildings Registry

Buildings

‘ 3D model

ople presence, electrical loads, internal and
external gain [31, 131]

Location and parameters of transformer, lines
and injection points [135]

Load measurements

‘ Hourly load aggregated at the transformer [87,
135]
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Modelling Swiss building stock

—)

Case Study
1 transformer
31 residential buildings
outskirts of Geneva, CH

Renewable
energy hub

Electricity demand
Space heating demand
Hot water demand
Heat gains

Grid Buildings

Transformers 1 Roofs (SwissBuilding3D)

I TR3716 — Fassade (SwissBuilding3D)
I TR4178 [ Land register
W TR5327 ° Federal register

Lines R
— Low voltage R

—— Medium voltage

- —

R

3

Method

Method



=PrL

capital expense [CHF/mZ2yr]

25 design strategy
—e— decentralized
—--==— centralized
20 -
15
10 A 0
-30% OPEX
minimum TOTEX  C——
5 .
10 15 20 25 30
operational expense [CHF/mZ2yr]
-30% OPEX:

Centralized: +5% CAPEX
Decentralized: +180% CAPEX

34

total expense [CHF/m2yr]

Benefits centralized approach

36

w
S
1

W
N
I

w
o
!

N
(o0}
1

N
(o)]
!

N
N
1

design strategy
—e— decentralized
minimum TOTEX === centralized

18 T T T T T
10 15 20 25 30

operational expense [CHF/m?2yr]

Increased re-imports, better usage of storage

OPEX — operational expenses
CAPEX - capital expenses

Results



=PrL

KPlIs for increasing PV penetration

N
=3
S

surfaces fully covered 1.0
Nmin = 0.40

-
~
a

last economic point LA

last economic

surfaces

With grid as storage
- Self-sufficient at
0.40 m2p,,/m2gga

r30
r20

r10

global warming potential [gco2/mEgayr]

’—E Nmin = 0. g point
5 ici 08 roofs full
Lu% 1.50 Signsifg_cslgnc}’ 1 f:\‘ coveredy carbon neutral
=~ 2
* ~
- 1257 roofs fully 06
= o
3 covered s ]
S 1.00 1 O
(%) el
< £ 0.4
g 0.754 . g
© 0.50 £o02
£ S
19 5 N
< 0.25 4 % ~ \\
0.0 N = 0
0.00 (0.32) (0.45) (0.98) (1.05) 0.48 “677 _____ P
o0 0.2 0.4 0.6 0.8 1.0 12 —10:38) (077} :
PV panels installed [m3,/ MZg,] o0 02 04 06 08 10 12
PV panels installed [m3,/ mZg,]
electricity demand = grid as battery, n = 0.85
—— PVelec. generated .o grid as battery, n = 0.45 “ -
PV elec. self-consumed  —— grid as battery, n = 0.40 self-consumption —— dynamic emissions

self-sufficiency

-=-=- average emissions

Economic analysis for increasing PV penetration

— 1400 ": available roof area

>

S -

: :

< 1200 A x

Py =
I

5 )

§ 1000+ .§

g 5

N E

.

g 800+ &

= §

5 S

600{ e
T T T T T
0.2 0.4 0.6 0.8 1.0
PV panels [m3,/mZg,]
PV investment ===+ AR- Tariffs Oct/ 25ct
—— Annual Revenues (AR) === AR- Tariffs 8ct/15ct
] 35

0.300 v 280
3 - |
0.275 260 T
5
240 =
0.250 = n
all PV investments 220 'g
0.225 economic Q
200 ¢
0.200 ] u
180 ]
0.175 et
160 &
K.
0.150 140 ,CE
§
0.125 120 ;
w
0.10! 100

feed-in price [CHF/kWh]

N 2\ Z

—-=-- available roof area carbon neutral

-=-- self-sufficiency .... economic bounds
decentral desgin

Centralized investment strateqy

Without storage
- SSincreases to 45%
> Carbon neutral at 0.77 m2p,/mM2zga

Central investment strategy linear trend
Economic feasibility to a wide range of tariffs

SS and carbon neutrality economic feasible

Large PV capacities required
They are economical feasible
Role of the grid?

GWP - global warming potential
SS - self-sufficiency
SC - self-consumption

Results



=Pl Grid—aware integration of renewable energy hubs

1200

400

transformer exchange [kW]

| |
B N
o O
o o

=

(o2} o

o o

o o
1 1

600 1

200 -

o

—— current system
self-sufficient system

feasible integration of
the self-sufficient system

transformer capacity

grid export

grid import .

0 1000

2000 3000 4000
time [hours]

5000

6000 7000

design strategy

— centralized

decentralized

8000

Load duration curves on transformer for 0% and 66% peak reduction.
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Scenario SS (n =0.7) > 0.58 m2p,/m2gg,

- Infeasible at LV transformer
- Feasible for 66% peak reduction.

Cheapest solution
= Centralized method:

= 20% PVC + 50kWh BAT

=  +60% OPEX, + <1% CAPEX
= Decentralized method:

= 30% PVC

= +75% OPEX

OPEX - operational expenses PVC - PV curtailment
CAPEX - capital expenses SS - self-sufficiency

Results



Buildings
+ MPC to promote self-consumption
- MPC defines buildings as free batteries that can advertise their offered capacities

* Grids constraints impose different investment in buildings

Districts

* District (micro-grid) levels change self consumption levels

Regions

* Region integration allow biogas and power to gas options



