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Problem

| i

How should a decentralized energy system for the
site be optimally designed and operated?
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Suurstoffi Areal, Risch-Rotkreuz, Switzerland (image source: ZugEstates.ch, Suurstoffi.ch)
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A multi-scale problem
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cooling i
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How can the
interactions between
these scales be
coordinated to
improve overall
energy
performance?

Where should energy
be produced/stored
and in what
guantities?

How should
transactions be
coordinated?
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Optimization

For a given urban areal/district/community...

How should a distributed energy system for the site

bc_e‘ optlmally designed and operated. .. =H 1
TS T | BT -
1240 “ In order to minimize costs and/or
ﬁ X )' e emissions, maximize autonomy, etc...

20172019 I
SLurstofh Rotouz campus of Lucorne Uniarsity
of Appled Sciences and Arts

Given complexities such as:
« Time-varying resource availability
» Multi-energy demand patterns
» Technical & economic constraints
* Regulatory/policy environment

* Uncertainties regarding fuel prices, energy
demand, policy, etc.

}%, I~ s ,I" ey ¥ . Possibilities for electricity market participation
L RLTHSLL T : 5 ¢

Suurstoffi Areal Rlsch Rotkreuz Switzerland (image source: ZugEstates.ch, Suurstoffi.ch)
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|

0(k) = C(k) - I1(k) —Qc(k) + Qq(k)

Stk +1) =5k)+Pc(k)Qc(k) — Pa(k)Qq(k) — L(k)S(k)

I'"n(k) < I(k) < I'™ (k) 0 < S(k) < S™*(k)

0<Q.(k) = Q"™ (k)

University of

Energy Management Strategies in Production

0<Qa(k) = Qg™ (k)

Wide applicability
concept

Systems including
energy or material
resources

Usually simplified
models for
optimizartion

({ computational
burden)

Certain variables can
be controlled, and
others cannot

Almeria

Environments with Support of Solar Energy
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The energy hub concept
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ENERPRO Plant %*P

ARM

Public utility networks

e Self-sustaining
test-bed plant
consisting of four
sub-systems

A
@ * Development of

lant

» Maximize the use of solar energy &
» Electricity generation + Storage [

« Solar/gas heating — Storage : H
. SoIarfooIing+§torage 5 5  Maximize the use of solar energy COOFdInatlon,
« Comifort control S = - Solar /gas heat production

4 :g - ' « Drinking water production Mana ge ment

4 = &% =)
2 3 ‘% - « Climate control (heating)
= g » CO, enrichment based on biomass boiler an d con t ro l
N\ » Crop

« Batteries ~ DC Motor
« Self-driving EV prototype

: strategies
| Smge « Available data of
ey ) each facility
‘ . between 2013
and 2017 on a

minute basis

4\
« Energy efficiency optimization l
T

e

Photovoltaic B Biomass
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ENERPRO Plant KK
A

@ °* Photovoltaic field 4
g« Solar collectors field @
s * Absorption chiller
* Reversible heat pump s @

 Photovoltaic field A
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 Desalination module %

N ==

e Solar collectors field @
* Propane boiler @

* Biomass boiler @ &>
* Propane heater @
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Modelling

Energy hub Legend
— } ~ [
! I () > 0 S —
Lol 1 . Qen,1 Quis. 1 o * L A Electric power
G 1 Photovoltaic o X SErTa— M, .
P ’ O CIESOL WS : .
L ; parking (1) ~—> absorption > 0, Radiant power
chiller (9) Qen 29[ Quis 2 —
] L
R J field (2) ('lb_SOL ——
1 reversible heat Biomass
CIESOL pump (10,11)
solar P
........ \ ropane
L _ocollectors (3) | Qisllogw, |
Pl — > > P e > 0 —_—
"""" Desalination it Thermal power (heating)
plant solar
collectors (4) —
Q Thermal power (cooling)
Desalination ¥ Qe s > | O ) —
(mmmm e . plant boiler (5) e Drinking water
R ¥ ? ————
t v ( 051 4
(= J h,6 L.
Greenhouse J Q e S Carbon dioxide
ch6 |1 Qais,6
heater (6) 13, 0 8
6
- .I =—ey Greenhouse M Storage system
; el biomass N o
e ; boiler (7,8) ——————— Qe 71 Quis, 7 > 0.5 Node
Desalination e 7°D,12 (rmmmmmmmmmn '
= 3 lant (12) . ' ! :
i IT ': - g . ch,S QdisB > 0860 12 l__-l_]:')_‘l_l;s_--:
5 N i Outputs
"R > 0, o
o H Q(:h.g dis.9 } - e
"""" : Market sales -
M,

Inputs: i = 1,...,8 Outputs: 0 =1, ...,9

Devices:

p=1,..,30
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Table 2: Input, output and market variables description

Tabke 3: Vector P Elements for each path in the real plant

Variable Description Units P, Path” P, Path’
I Electricity from the public utility network kW Py 11— 0l P 11 - DI0— 02
I, Radiant power received from parking PV modules kW Ps 11 - DIl =03 Py 11 - 08
Ig Radiant power received from CIESOL PV modules kW 23 11 =05 Py 12 DI =01
I4 Radiant power received from solar collectors kw P, 2=5DI=sDI0=-02 P 12-DI-=DIl—=03
I5 Propane for fossil fuel combustion systems kg/h Py 12 5 D1 08 Py 12 5 DI 05
Ig Wood pellets for the biomass boiler kg/h Py 13 -+ D2 -0l Py, 13-5D2-DI0—02
I7 Seawater for the desalination plant m*h Pis 13-D2-DIl =03 Py I3 -5D2- 08
Is Drinking water from the public utility network m*/h Pis 13 5 D205 Pie 14-5D33D9-302
O, Electricity for CIESOL and the greenhouse kw | 14 -+ D3— 03 Pis 14 D35 04
0, Thermal power (cooling) for CIESOL kW Pg H-5DE-DI-502 Py 14 -5D4 03
O4 Thermal power (heating) for CIESOL kw Py 4 -5D4 504 Py 14 -+D4 507
04 Thermal power (heating) for the greenhouse kw Pog 15—+ D5 =07 Poy 15—+ D6 04
Os Electricity for the greenhouse CO, pump kw P 16 3D7 D9 502 P 16 — D7 — 03
Og Carbon dioxide for the greenhouse kg/h Pory 16 =+ D7 - 04 Pog 16 =+ D8 — 06
Oy Thermal power (heating) for the desalination plant kW P 17 - DI12 = 09 Py 18 — 09
Oz Electricity for the desalination plant kW — -
Oy  Water for CIESOL and the greenhouse m¥h L input, O: output, D: device.
M, Electricity sold through the public utility network kw
Mg Carbon dioxide released from storage kg/h
Ms  Water sold through the public utility network m’/h

University of
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Conversion model  90(k)O(k) + M (k) = C(k)P(k) — Qcn(k) + Qais(F)

Storage model S(k+1)

Production limits: inputs, devices and sales

I(k) = C; P (k)

Ca(k)P(k)

Storage limits

D(k) =

QU (k)ch.o(k) < Qcho(k) < QT (k)deh.o(k),

Qgg’,zo(k)‘sdis.o(k) < Qdis 0( ) < Q(Ti,:glc;( )5dzs O(I‘)a

Sy (k) < So(k) < S5 (k).

Energy Management Strategies in Production

University of

= L(E)S(k) + Con(k)Qen (k) —

[?71,i71 ( k) 5[

Cais(k)Qais(F)

(k) < Li(k) < I (k)ori(k),

M (k)onr,o(k) < My(k) < M (k)oaro0(k).
D™ (k)op.a(k) < Da(k) < D (k)op a(k),

Non-simultaneous processes

Och,o(k) + 0gis.o(k) <1
or1(k) +om1(k) <1
or8(k) +dnmo(k) <1
dp.10(k) +op11(k) <1
Pox + Pog + Poy = Pog

Almeria Environments with Support of Solar Energy

System Engineering and Automatic Area
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Modelling

Table 5: Conversion, degradation, charge and discharge coefficients Table 4: Upper and lower limits for converters, storage capacity, charge and discharge flows

Coeff. Value | Coeff. Value | Coeff. Value | Coeff. Value Variable  Min Max | Variable Min Max
oy TSI B0 Loy 07 w08 b pwn o men s o non
. ’ . = ) o Ske ) ) 20k
"D, '4';5; .2 g'x Teh,2 g'g "hdis,2 g'g D:  15kgh  40kgh S; OkWh 1742 kWh
D7 = U : Mleh,3 : Ndis,3 : Ds 1Ske/h 40 ke/h Sy OKWh 116.1 kWh

Mog 176 | ms 006 | 7pg 09 | Naisg 09 Dy OkW  100kW | S5  OkWh OkWh
s 07 | ms 002 | fas 07 | Naiss 08 Do OKW  265kW | S Oke  252ke
Moo 29 6 0 Teh, 6 1 Tdis,6 I Dy 0kW  26.5kW S;  0kWh 3354 kWh
o 3.1 mz 006 | Dnz 09 | sz 09 Dy 75m’h  85m’h Sg 0kWh 20 kWh
Mpyz 032 s 0.02 Tleh,8 0.7 Ndis,8 0.8 - - - So 0 m3 6 m?

- - o 0 Teh,9 1 Tdis,9 I Qch,1 0 kW 3kwW Qais,1  0kW 3kW

Qch2 0KkW  209kW | Quais2 OKkW  20.9kW
Qch,3 OKkW  1254kW | Qais3 OKW  1254kW

Table 6: Local supply company tariff prices (ps) [47]
Qch,a 0KkW  1045kW | Quaisa OKW  1045kW

Period Price (€/kWh) _ Winter (UTC+1) Summer (UTC+2) Qe OKW = OkW | Qaiss  OKW — OkW
Pl 0.168899 18-22h I-15h Qe  Okgh  Slkgh | Qusg Okgh  Slkg/h
: == Qs OKW  2508kW | Quer OKW  250.8 kW
P2 0093162  8-18h/22-24h  8-11h/15-24h Onn OKW  3KW | Oms OKW  3kW
P3 0.073738 0-8h 0-8h Qo Om¥h  3m¥h Qdis:g O0m¥%h  3m’h
Table 7: Variable charges with the 3.0A access fee (ppy ) [38] clk)=1c; & c3 0 ¢c5 cg 0 cgl
Period Price (€/kWh) Winter (UTC+1) Summer (UTC+2) )
Pl 0.019894 18-22h I1-15h s(ky=[sy 000 0 00 0 s
P2 0.013147 8-18h/22-24h 8-11h/15-24h
P3 0.008459 0-8h 0-8h Q. m ; (Leq Br g C(Tsc,m _ Ta))
Nsc = == -
GTAC,T Meq Ac,T GTAC,T

E M t Strategies in Producti . .
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PV Modelling %I

PV facility Global performance of the field (1) » C(k)
Available radiation on sloped surface (G - il) > M (k)

Total PV array area

L e

BENERNNRENRERE— < iwn [~

HERERRNENEREE— -
L

14 series modules per inverter 3 CICLO-3000
inverters

CIESOL PV field

42 Atersa
A-222P
modules

Measurements:

- Every minute from 2013 to 2017

L) S 4
- Radiation and temperature -'O‘- g - Detailed inverters 1/0 -@- -@-

University of Energy Management Strategies in Production
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ARM
72 First Solar [ e e e e e e —
FS-380 modules o o e e e o
(8 series, 9 parallel) L 1

24 conerey PA240° [ HEHENNERENER_ -
(12 series, 2 parallel) [ IIIIIIIIIIII /\/

B 24 Conergy Power [ IIIIIIIIIIII —
. Plus 240M modules = —_— —
Measurements: (1;Sseries, ;] Sarl;IT:I) 1 IIIIIIIIIIII ~

3 Fronius I1G+

- From 04/2013

Dailytotal wm 4830 |Seessseses=========== |/ J=
production Conergy - — e
PA 240P —T— kWh |~
‘Monthly g modules |EESSEESEEEESSEESSEEE
nverters (i ESisnibnEeies— =
production ESSSSSSS5SSSSS=SS0=C — |10 Fronius Agilo

100 inverters

||
21 series and 23 parallel modules per inverter
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PV Modelling

v
Solar and Incidence

and zenith Radiation on
angles (6, 6,) sloped
surface (Gr)

Radiation on
, PV module
horizontal surface

Ambient
temperature

(Tq)

Voltage and
generation itioni current at MPP

(Pac) (Vm ’ Imp
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PV Modelling %I

ARM
oo, o Zenith
Normal to
horizontal surface
Gr = Gf + G —< +(G, + G
T . d (Gp d).[l)g > l
_cos @ Ground reflectance =
b7 cos 0,
A
1 1
PV facilities angles: A/ ‘ Isotropic diffuse
- Slope (B) = 90 Bean-, radiation
- Latitude (¢) LN 5~ radiiay; on
- Azimut (y) BALD

Solar angles:
- Declination (&) «— Day
- Hour angle (w) +— Time

Ground-reflected
radiation

University of Energy Management Strategies in Production
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PV Modelling K.

. I l . I For each kind of modul
\ Y

>
A
<

I
Rs —_— [%a] Block Parameters: PV Arra;

PV array (mask) (link)

] o

| I O Implements a PV array built of strings of PV modules connected in parallel. Each string consists of modules connected in series.
Allows modeling of a variety of preset PV modules available from NREL System Advisor Model (Jan. 2014) as well as user-defined PV module.

l ID l 1 h A Input 1 = Sun irradiance, in W/m2, and input 2 = Cell temperature, in deg.C.
S,

Parameters  Advanced

Array data Display -V and P-V characteristics of ...
Parallel strings array @ 1000 W/m2 & specified temperatures v
I !_ Ry \Y Rioad [40 |

T_cell (deg. C) |[4525 ]
Series-connected modules per string
[10 | Plot
v Module data Model parameters
Module:  User-defined - Light-generated current IL (A)
7.8649
o Maximum Power (W) Cells per module (Ncell)
. 213.15 |GD ‘ Diode saturation current I0 (A)
2.9259%e-10
Open circuit voltage Voc (V) Short-circuit current Isc (A)
Diode ideality factor
[36.3 | [784 |
0.98117
V + I R ‘ 4 + I R Voltage at maximum pover point Vmp (V) - Current at maximum power point Imp (A) gy 1t raictance Rsh (chms)
I I I [ (_S) 1] S [20 | [7.35 |

313.3991
Temperature coefficient of Voc (%/deg.C)  Temperature coefficient of Isc (%/deg.C) Series resistance Rs (ohms)
R h [-0.36009 | [0.102 | ' |0:39383

Equivalent circuit parameters for o nm
standard conditions f

é \ 7
Standard conditions (G5 =

Manufacturer

Normal conditions (Gyocr =

University of Energy Management Strategies in Production

System Engineering and Automatic Area
Almeria Environments with Support of Solar Energy Y & 5



Manufacturer Normal conditions (Gyocr =

Equivalent circuit parameters
for standard conditions

Gr Y]

Module operation

Absorbed radiation

Equivalent circuit paFaTnetprs

for any conditions ™~ S st + prse(Te = Test)] s

B E
S~ Eg =1-C(T, — Test)
Sis g,St

Beam Isotropilcdiffuse Ground-lreflected

| 1 | | B | 1
St Gy Gg4 14+cosf Gp+ Gy 1—cosf
S, = 1a (G_ RbK‘ra,b + G_K‘ra,d > + G Pglrag T
st st \st st
¥

Air mass modifier  Incidence angle modifiers
“atmosphere effect” “glass cover effect”

University of Energy Management Strategies in Production
Almeria Environments with Support of Solar Energy
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Absorbed radiation

T.=T, + (Tc,NOCT - Ta,NOCT) Groct (1 - 09

<

g Vinplmop
v T T
PV module } GrA,

V+IR

a

) _ 4] VIR

I-V curve

P-V curve

Initial guess

Voltage

Energy Management Strategies in Production

University of
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Environments with Support of Solar Energy
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PV Modelling %I

ARM

e PR
93 .o
o .
= . .
. - Fitting for ;,, — Pac
g i
T 0.6 1HE
= ¢ y = 0,0506¢"0:6356¢-07x_| 537, ,0.0098x
P 4 2 .
£ 04 H y R*=0,8646
N ,
T8 | - R values close to 1
027 - sample
3 fitting
o0& ; ; : : ' :
J— 0 500 1000 1500 2000 2500 3000
Input power (W)
Y
. . . . . . , , , | | - Results vary between
I Inverters
g 08 g
& c
: :
€ 06 £ ]
= : - 0.8024¢79751e-05%_) 77 4 -0.0076x S ' g y= 0.9045¢ 1 3219-05%_( 9174-¢-0.01 14x - De pen den cy with other
7} i R*=0,9546 5} ! R"=0,956
£ 0.4 i ’ £ 0.4 i 1 .
2 2 variables?
0.2 - sample| ] 0.2 @t - sample
fitting B fitting
0 ; * ! ! ! ! 0 : ; ; ! * ! *
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Input power (W) Input power (W)
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ARM
Power (Py.) Fronius Agilo 100  Fronius IG+ 55v3
460V /820V 230V /370V/500V
5 % of Py » 90.5/84.8 % 90.5/91.6/89.9 %
10% of Pyey  94.6/915%  91.5/92.2/90.8%
20 % of Pyc r 96.6 / 94.7 % 93.4/93.6/93.3%
25 % of Py r 96.9/95.4 % 94.1/94.2/93.3%
30 % of Py 97.0/95.7 % 94.4/94.5/93.8 %
~] — 50 % of Pper  97.2/963%  94.7/95.4/94.7 %
0 75 % of Pyc 96.9/96.1 % 95.2/95.7/95.0%
z i e b00e. 100 % of Paer  96.5/957%  953/959/952%
ED < Power Fronius Agilo 100 Fronius IG+ 55v3
2 DC (Pgcr) 104,4 kW 525 kW
2 ol AC (Pycr) 100 kW 5 kW
2 120
2 100} — - Linear interpolations to get 1;,,,, for inverters
80 r fitting
60 100 150 200 o5 - Constant coefficient n,. for losses between
Inverters encrgy (MWh) wh| these and the electric meter

Energy Management Strategies in Production
Environments with Support of Solar Energy

University of
Almeria
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PV Modelling %I

ARM
d
. . . . 5
Quantitative validation: Planta |
7p [ = ~Modelo : 31-01-2014
6 1l
- Daily mean error =5t !
<
(black) and root mean 54}
o
square error (blue) 2k W
i \
AZ-;‘: - Gaps correspond to I 10042014
g missing data o =
é ’ 8 Plant
| 7p [T ~Model 13-03-2015
041 | | | | Qualitative validation: ol
o ' =
S | - Days with high T§’4-
N | NRMSE (up)and low  £,]|
ST 7 .
WWMMWW y”ﬂ \| Mﬂ” NRMSE (down) with 2l 18-02-2014
010/2013 01/2014 01/2015 01/2016 01/2017 01/2018 different Weather L /J\/\\
Date
_ _ conditions 0 . . .
Indicator _ Max.  Min. _Mean 00:00 06:00 12:00 18:00 00:00
EM [W] 387 -499 -57 Time
NRMSE [%] 17,2 1,5 45

E M t Strategies in Producti . .
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PV Modelling %I

ARM

Quantitative validation: Qualitative validation:

- Same indicators but for the - Production fluctuates with
entire period radiation during the year

- Production underestimated - Peaks correspond to

cloudiness
9 I I
g L W /a RA —— Plant |
\ I ‘/]\\”q/ — — —Model
THEA4 \ l M =
f /\ ! V| /

~ 6 — l‘ l V | ! J,\| I\\‘ ‘ —
ikl Bl e ot

5+ f ¥ =
g/ | A (A f/ \
g 4 Il J | /-‘]/‘/ /W | |
g I N l [ ;\ x J

|
84| 3L | i \ _]
[
2 | _
EM = -259 kWh

1 NRMSE = 5.6 % 7

o L l | | |

04/2013 07/2013 10/2013 01/2014 04/2014

University of Energy Management Strategies in Prodiiction
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results
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Control strategy %I

ARM

H - h "
min S (e(k)I(K) — s(k) M (k) — N g
et o REaEE
s.t. the aforementioned constraints -l
DALY (FVDS) ‘.'
: * From O hto 18 h (UTC+1/UTC+2) H is
INTRADAY 1

shorted in order to make it equal to the

T difference between the current time and

DNIRADATS midnight, the period when the electricity price
i INTRADAY 4 1s known.

INTRADAY 5

: * From 18 h to 24 h (UTC+1/UTC+2)
20 [ INTRADAY 6 electricity price is published for the whole
following day, so H takes a value of 24 h.

FTTTETTTd T rTm
00 03 06 09 12 15 18 21 00 03 056 09 12 15 18 21 Q0

Coordinated Universal Time +1/~2 (h)

University of Energy Management Strategies in Production

System Engineering and Automatic Area
Almeria Environments with Support of Solar Energy y . .
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] all
S ) = (DM - Dg all g
min clk)I(k)—s(k))M(k)— ?
=1 60 ——
s.t.  the aforementioned constraints ? -atll
Real data

P(k), M(k),

Economic MPC Qcn(k), Qgis (k) Energyw Sk + 1).

Storage Sytems = "States"

University of Energy Management Strategies in Production

Almeria Environments with Support of Solar Energy

System Engineering and Automatic Area
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Simulation scenarios L id

ARM

[ ]Data employed for simulations
—()1/08/2014 - 02/08/2014

60 : 310012014 - 01/02/2014 : _ ; : ;

=8 Z 45 _2 30 ]

FES30 Z 5 o~

oy F: 2 5 20 ¢ 3 ol Lt B B y
@ 18 .‘ ‘ == "l-...l'l-I!.:. W !!'l hEmaa

- =60 é ,g- 10F b it S i

2 0= 45 = 01/08/2014 - 02/08/2014

== § 30 3 or s 31/01/2014 - 01/02/2014 ||

5= " . ¥ — - : : i

= Tt ] Tugaed | 2% e (1/08/2014 - 02/08/2014

o Z60- ' ' ] g = 1200r 31/01/2014 - 01/02/2014 |

8 = 45 o, T L 4 E %

2 2 30 [ patnd h T L S 5 800t .

= A= L | ft % H lﬂ! ; | :: o

= ) 15 il-‘,.‘l H .'b.! — £

= = 0r . ol . E S 400} -

o =60Ff : ' ] s 2

~ = —_— o~

] 45 + i i, o1 --I"-'—l’-—"l_r""rr' O E .

'§ = § 30 + elniied L £ e g — 0 = t T - }

5 <=5t ol T SO =€ 1 = ()1/08/2014 - 02/08/2014

g €l . e . ] g = 1200 31/01/2014 - 01/02/2014 ||

+  =60f ' ' | 52

g 8 g 457 R - 2 -F-"F""LI__,.;A:.-.' % g 800y T

BES30F P e, T 3 g

SAEZI5) £, _F 1 = 5 400¢ i

— =~ 0t sk | . i (o) bt
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AUTOMATICA, ROBATICA Y MECATRANICA

Extending the
model and
further
applications
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. Maximum activations constraint

ARM

Problem: Frequent start ups and shut downs of certain technologies can be

damaging, so you sometimes need to limit the number of start ups and shut downs
that are allowed in a given time period.

Solution: Add 2 binary variables:

O,/ = Status change in technology operation

;¢ chp = current status of technology operation

6071/0[}‘ = |( 3Z}CHP 60“ 1CHP)| Vi
0 0

Now  Previous timestep

——=No Violation

- - iolat

e 0 if state remains the same

-

1 if state changes
( -1 if shutdown)
: —“, AP YTy Ty oy L— (+1 if start-up)

Hour

Activation State
b4
o

---__——d
—
-

----
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ARM

Problem: Some equipment must run continuously for a minimum amount of
time, due to the nature of the process, mechanical concerns or need to
maintain a reasonable efficiency.

+ e.g.: CHP plants and heat pumps have poor efficiency for some time after starting.

Solution:

+ Formulate the model such that a given device must operate for a minimum
run time of { timesteps.

« Calculate a variable z(t) that tells you the nature of change in the device’s
operation between timesteps.

Operation Operation
previous timestep this timestep

z(t) = a*P(t — 1) — b*P(t)  ifa=0.5and b=1:

P(t—1)=0,P(t)=0=2z(t)=0 z(t) = 0; still off
P(t—1)=0,P(t)=1=2z(t)= —b=—1 z(t) = -1; start-up
P(t—1)=1,P(t)=1=z(t)=a—b=-05 z(t) = -0.5; still on
P(t—1)=1,P(t) =0=2z(t)=a =05 z(t) = 0.5; shutdown

University of Energy Management Strategies in Production

System Engineering and Automatic Area
Almeria Environments with Support of Solar Energy Y & 5
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Ramping constraint

ARM

Problem: Some conversion technologies are limited in how quickly they can
ramp up or down their energy output.

Solution: Add a set of constraints that control the difference in energy production
levels between two consecutive time intervals.

Power output Power output
this timestep previous timestep

| l
P () — P, (t-1)< R? — it

Maxi Il bl
Pm(t— ]) — Pm(t) < Wown(_ ar?l);ml’:r:f?a?n\l\r/)?ngedown
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Stepwise linearization of conversion efficiencies

>
A
<

Problem: Many technologies have efficiencies that depend nonlinearly on the
power output.

Solution: Linearization of the efficiency curve:

1. Define the number/ranges of segments/steps into which to divide the original curve.
2. Define a virtual “bin” for each load segment, and add a binary variable for each bin.
3. Add a “knapsack” constraint, so that only one bin can be active.

4. Add power output constraints for each bin; set the efficiency according to the bin.

Possibilities for stepwise linearization of conversion efficiency
1 T T T T

o o o o
[a7] -~ (us] o

o
.

Relative efficiency
o
(8]

Part load curve .
5 steps
— 10 steps .

— 20 steps
01F E

o
w
T

o
(N
T

U 1 1 1 1 1 1 1 1 1
0 o1 02 03 04 05 06 07 08 08 1

Part load ratio
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Representing and designing networks [K3ig

41/43
S,

ARM
Energy flowing Energy flowing
out of the node into the node
(fromnodeitoj) (fromnodejtoi) - @
Modified load balance constraint: J !
Li(t) = Ok m x Pu(t) + A%Q¥*(t) — QM (t)  + Ryj®*(t) — R;;™(t)
\ ) \ ) \ ) ,
Y Y Y e ‘
conversion storage network : Yo
Equation to account L T T
out _ in -
for network losses: Rij- (t) = AgRi;— (1) Ag = network loss

Variable: Binary variable for each possible link indicating the installation of that link
pipe

5i’j

Constraint: Energy can only flow in one direction through a link

SPPe+ 6P <1 Vijwherej > i

Constraint: If a link is installed, then energy can be transferred via that link

ipe—out ] . . .
Hlp]”;e OusM-6i"’;pe Vi,j where j # i
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Layout design and sizing

ARM

Inputs e Genetic Algorithm i
I Variables: '
Level of discretisation ' Plant, storage and renewables capacities ]
Cost function: : = —
o Installation costs : Crossover & Opt'T'Sed
o £ per kW /kWh / m? i ) 4\02&% ation Emissions
Design constraints: Mutation
o Maximum capacities . Selection
o PV+ST < roof area Initialise __/‘
= Evaluation =<7
e ~
P 7 s ~ ~ -
7’ ~

Demand profiles
Solar availability
Plant efficiencies
Carbon factors
Storage losses

1
1
1
1
1
1
1
1
1

1
1
Variables: '
Operational schedules E

Operational constraints: Mixed Integer Linear Programme:
o Fuel ce!l only on/off Capacities Ax=b Emissions
o CHP min load 50% i Cx<d
o __HP min load 10% I .
L 2241 B
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Others

* Multi-objective optimization
e Stochastic and robust optimization for
uncertainty

* Improving computational efficiency
formulations
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