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Content

e Energy Hub

- Multi energy-carrier systems

 Power Node
- Incorporation of fluctuating power sources

- Incorporation of demand side participation
- Incorporation of storage
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Hub Equations and Results

- Power conversion <> price conversion
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Applications (so far)

e Long term energy planning of the city of Bern

Energy planning of several Swiss municipalities

Analysis of e-mobility

Energy/Exergy analysis of city of Zurich
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Status Quo in Power Systems Modelling

Traditional power system modeling is “fractional®:

= Separate models are used for capturing information of

= Transmission & distribution grid (topology, voltage & frequency
dynamics, voltage & line limits)

= Power generation (generator dynamics, ramp constraints, wind and
PV in-feed predictions)

= Load models (dynamics, load demand predictions)

= Storage models (capacity, storage levels, dynamics)

= Modelled interaction between individual power system units
and grid does not necessarily capture all relevant aspects

= No interaction with other energy carriers modeled (cf Energy Hub)
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Status Quo in Power Systems Modelling

= Example: optimal power dispatch simulations do consider units
that inject or absorb power from the grid.

= Which of these units are storages (energy-constrained)?
= Which of these units provide fluctuating power in-feed?

= What controllability (full / partial / none) does the operator
have over fluctuating generation and demand processes?

[ Power ) p | A

System |[e=—=> Grid
__Unit ) Pou y
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Status Quo in Power Systems Modelling

= Example: optimal power dispatch simulations do consider units
that inject or absorb power from the grid.

= Which of these units are storages (energy-constrained)?
= Which of these units provide fluctuating power in-feed?

= What controllability (full / partial / none) does the operator
have over fluctuating generation and demand processes?

Energy N . " Power ) p_ r N
provided / [¢&=—» System ¢e—> Grid
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Motivation for Power Nodes Modeling Framework

= Create unified framework for modeling power system units
(incl. relevant operation constraints, power supply and demand
processes and the controllability)

= Diverse storage units (battery, pumped hydro, ...)

= Diverse generation units (fully dispatchable conventional
generators, fluctuating in-feed of wind turbines and PV)

v

= Diverse load units (conventional, interruptible, thermal, ...

= QOperation constraints: ramp rates, storage capacity, current
storage level (SOC)

= Qperation controllability over underlying process (=“flexibility*):
fully controllable, curtailable / sheddable, non-controllable
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The Power Nodes Framework

= Modeling of three domains and their interactions

Demand/Supply Power-Nodes Grid

Process (intermediate storages)

conversion

/

provided
rainwater, wind,...
spilled
wind, water,...

demanded
heat, light, ..:

unserved
load

Storage 1
proce%s process ggges
10SSES and associated

losses
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One Power Node

Power Node
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capacity C

side
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&> 0 O » ___________________________________________________
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One Power Node (including constraints)

v —1
C’i L — Moad,i Wload,i — ngen Ugen i = 5@ — W; — Uy,
Power Node
Sot- 0 g ajzz} g ]_ 9 (energy storage)
Demand/Supply- Grid-side
min < max side capacity C
0<u Ugen,i < u '
i geﬂ % _ g 3 —_— ge 11 ) 1 ,c;ro-;ffdeddeff?ell"g;/ . level0=x<1
min max ~ “EY o
O S uload Z S uload Z g uload ’l demanded energy £ |
theat, light, ...) MioadUload Uload
£<0 -
0 S 5% ) wi‘, ’ spilled energy Tlgen Ugen Ugen
(wind, water,...) W :
0 < ‘51 ‘ — ‘w?, ‘ unsez:cfload N >0 :
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. storage process &
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0 g v% v Z ]_ j . = » j N .

= Power constraints defined by: min/max power, ramp rates, storage capacity
= QOperation flexibility defined by: shedding term w;, storage term C, x;, &
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Power Node without storage (e.g. non-controllable load)

&: — W; = lr]gen’@ Ugen,i — MNMoad,i Uload,i

(without energy

Demand/Supply- storage) Grid-side
side

Nioadljoad

Ugen
w
conversion
process &
= Power node equation degenerates to osses

algebraic equality constraint (for classical load: ug,,; = 0)
= Power node’s power in-feed / out-feed is

= Partially controllable, if shedding term adjustable (w; (k) > 0)

= Non-controllable, if shedding term is zero (w; (k) = 0)
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Variety of Power Node modelling definitions

Unit type Ugen,is Uload,: C; &i wy
Buffered load w/controllable demand Ugen,i =0 C; >0 & <0 w; =0
Buffered load w/non-controllable demand — ugen; =0 C; >0 & =E&qpvi(t)) <0 w; =0
LO ad Buffered load w/curtailable demand Ugen,i =0 C; >0 & =E&qpvi(t) <0 —
Non-buffered load w/controllable demand — ugen s =0  C; = & <0 w; =0
Non-buffered load w/non-contr. demand Ugen,i =0  C; = & =E&arv.i(t) <0 w; =0
Non-buffered load w/curtailable demand Ugen,i =0  C; = & = Earv.i(t) <0 -
Buffered gen. w/controllable supply Uoad,; =0  C; >0 & >0 w; =0
Buffered gen. w/non-controllable supply Upadi =0 C; >0 & =E&qpv.i(t) 20 w; =0
Gen €I'- Buffered gen. w/curtailable supply uloa‘d;’i =0 C; >0 ¢ = £d1.\,;i(t) >0 —
. Non-buffered gen. w/controllable supply Ulpad,i =0  C; =0 & >0 w; =0
atl on Non-buffered gen. w/non-contr. supply Uoad,i =0  C = & =CE&arv.i(t) 20 w; =0
Non-buffered gen. w/curtailable supply Uload,i =0 O = & = Earv.i(t) >0 -
Storage w/o external process — C; >0 & =0 w; =0
Storage w/controllable supply — C; >0 & >0 w; =0
Storage w/non-controllable supply — C; >0 & =E4,i(t) 20 w; =0
Storage w/curtailable supply — Ci >0 & =E&qp.i(t) >0 —
Storage w/controllable demand — C; >0 & <0 w; =0
Sto rag @ Storage w/non-controllable demand — Ci >0 & =Earv.i(t)) <0 w; =0
Storage w/curtailable demand — Ci >0 & =E&apv.i(t) <0
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Power Node Modelling Examples

PV with local storage unit, no RES feed-in tariff

Battery storage
. -1
_ CBat Xgat = nload,Batquad,Bat — 77gen,

Bat u gen,Bat

n Controllable Local Load
Col XbL = Mgt Yioaa.c — @(Xe — X

CL,O) e

Sf‘i Non-Controllable Local Load

.EO Thoad NeL Yioad,neL = §|oad NCL

uload,Grid‘

gen,Grid

uIoad,NCL
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Power Node Modelling Examples

PV with local storage unit, RES feed-in tariff

Ugenpv B Ujoqaricres (Subject to RES FIT)

Node 1
R
Node 2
Battery storage ~ Ujoad,Bat
' CBat XBat — nload,Batquad,Bat o ngen,Batugen,Bat >
ugen,Bat
) ugen,Grid
Controllable Thermal Load Ujoad.cL U
C . < load,Grid
L XL = Mosa.cLUioag.cr — (XL = Xero) 6L
"/ Non-Controllable Local Load TR This enables the modelling of
P u =—¢ — differentiated feed-in tariffs
SES Thoad,NcL Y1oad NCL load,NCL

incl. options for local PV
energy usage (e.g. Germany).
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Power Node Modelling Examples

Joint Provision of Load Frequency Control

Convenient representation:
Control signal modelled as
a load to be served

Battery storage AAquad,Bat

.5 > . _1
’ CBatAXBat = nload,BatAuload,Bat _ngen,BatAugen,Bat Au

y

gen,Bat

@?- Controllable Thermal Load
\ . Cor AR = Mioag,c Aigag.cr —8(AXeL = AXey o) + AL, Au load,CL

Dispatchable Generator
-1
ngen,CGAugen,CG = Aggen,CG Augen,CG

Y_rc : control signal [-100%, +100%)]

ey

P . : offered control band [MW]

Power Balance:

Au + Augen,CG o AuIoad,Bat B AuIoad,CL = AuIoad,LFC

gen,Bat
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Power Node Modelling Examples

Demand response (driven by dynamic electricity tariff)
k=N-1

u* =min Zelectarlff (k)- [u,oadl(k)ij,oSSeS (k)]

s.L. Ci Xi — 77,0adi uIoadi + gdemandi o Vlossesi (Xi )’
0<x <1 ' '

uIoadi = O’

-

o
[

0.6

:HIHIL&‘
” I il
A e e A T T T T T e e
% |—J l—' ; l—’ \—, ; e Room parae — constat it ‘
| . Room temp [*Cl | var. tarift 04 i
- i i i [ Room temperature — var. tarifl [pertect) :

0.2}

: o+ - Building Sector Load (Constant Tariff)

| — Building Sector Load (Peak/Offpeak Tariff)

T — T
i " Actuator g [W.'mz] = Radiator ~- constant tanft

— Radlator —var tart [pertect -0.2- e - o ) o ) = Building Sector Load {(Dynamic Tariff)
_Eﬁ_”?“ﬁﬁm § .| Peak/Offpeak Electricity Tariff
A L\ ------ Lighting - v, ar fegresson) f S T Dynamlc Electrlc:|ty Tarlff
. . i -0.4
8500

Normalized Load/Tariff Level [max: 1.0]

1 ] | | | 1 | I
s 1 2 3 456 7 8 9 10111213 14151617 1819 20 21 22 23 24
Time of Day

Time ]

ETH Power Systems Laboratory 20



m e e h power systems
laboratory

Eidgendssische Technische Hochschule Ziirich

' Power Node Modeling Example:
Predictive power dispatch

= Conventional generation unit [6]

= Conventional (uncontrolled) load [1] + load predictions

= Pumped-hydro storage units [4+5] and flexible loads (DSM) [7]

= Wind/PV units (curtailable) [2-3] + Wind/PV power in-feed predictions

1 — W1 = —MNoad.1 Woad.1
=1
g? — Wy = ?)gen__Q u'gfiﬂ,g
1

£3 T U‘B — .?)geyl_‘g .L{'gfi?l,g
Clh i — 7 U _n 1l 4
‘4 L4 = Moad,4 Woad. A — Ngen 4 Ugen,d
O r — - _. n—1
/5 L5 = NMioad,5 Woad,5 — Ngen. 5 Ugen,5
—1 _
gﬂ — 'T)gen__ﬂ u‘gen,ﬁ

Crar = NMoad.7 Wload,7 T &7 —ay (il*? — il*ss..?’)
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S power Node Modeling Example:
Predictive power dispatch

I=k+N—1

min I{L) = Z (IU) — ."I_.',,,.ef)T . QT . (T{J) — ."I.-'ref)

=k
+u(D)T - Qy - u(l) + Ry - u(l)
+ou(D)T - 5Q, - du(l)
st (a) z(l+1)=A-z()+ B-u(l)
(h)  0<a™n < z(l) < 2™ <1
(c) 0< < u(l) < u™e*
(d)  ou™" < du(l) < su™
(e) &i(l) = Sdrv1 (L-T)
(f) &) = Carp2(l-T)
(&) &) = &aro3(l - T)
(h) &) = Carv,7 (1 - T)
(i) ugena(l) - woadga(l) =0
() gens(l) - toaas(l) =0
(k) S g =Y tteaai(l) =0
i={2,3,4,5,6} i={1,4,5,7}
(ak) Vl={k,....k+N —1}
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= Optimal predictive power dispatch (Germany)

" Tpea = 720, Typg = 4h, Tgmpe=15min.
= . Simulation Period: May 2010 (30% Wind, 20% PV) — Calc < 4min.

08

0.6

Y '
W T VY i

P [MW)
S
L

| | | | | | | | | | | | | | | | | | | | | | | | | | | |
8 & 10 11 12 13 14 15 16 17 18 19 20 20 22 23 24 25 26 27 28 29 30 3

Storage levels and relative curtailed power (wixi)

iler
ro
——rel. w
Load
el W
—— el ww

23 28 30 kil

23

1 2 3 4 5 3 7 8 9 10 1 12 13 14 15 16 1? 15' 19 zu 21 22 23
Time [days]
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= Optimal predictive power dispatch (Germany, high PV)
" Tored. = 72h, Tupd. = 4h, Tsamp|e:15min.
= Simulation Period: May 2010 (30% Wind, 50% PV no DSM)

15X 10
: | j -
1 - | [ l“ [ i 'J'“ |
[l |\ i ﬁ ‘. 1 f | | |
I [ 1 I Yy il ] i [ | | 1
i ]f‘ ) | ] |} \ . .‘-‘ ! l‘ [ i" ;ﬂ‘H h ‘I \‘\ | | | ‘I | i‘ ﬂ ( | | \ \M ‘\
o i gl - o A 0L B8 f A B BB ' M
[T ST ! | w bl L o R S N s
05 1 gho ’ ] y [ ] . L
i | / ’[" i TR | i = | | I‘J ‘
! f \\ ; " fw ’ i !.ILm
!J\f\' ,N«\ y / / /M 1 » , F‘r | | / N
g, _ L T w e y. e %W WRAY, L_ U SRS
o
\jugcn,\)\/ind
05 ug,cn,}’v
-ugon,conv
- “gm LPumpedHydra
-1
- Yioad Load
-ulmd‘l’umpcdl{ydro
15 I \ \ | \ \ | \ \ | | \ \ | \ \ | \ [

1

Storage levels and relative curtailed power (w/xi)

- ; : : ; ; I [ ] 25 26 27 28 29 30 3

1

+
0.9
0.8
0.7
085 XPumpcdHydm
0.5 o rel. W oad
0.4 rel. w
03l Wind
0.2 rel Wy,
0.1 + Storage saturated
| | | | | | | | | | | | | | - I |

1 2 3 4 5 8 7 8 9 10 1" 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
Time [days]
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Power Nodes and Energy Hubs

= Partial transformation between Power Nodes and
Energy Hubs is possible

= Converter: natural gas — electricity (u,,,g =0, M;=0)

eI gas eI gas

ngen gen+ in __ngen gen+ in

gen ngen( . CgaSX)C> L,B — Caﬂ(Pa _Qa)

gas.y, __ el
C X =020 Ui0ad —

Qa: Coas y
[L+M]=C[P-Q] E, = C9 X
pa: é:gas

Ly

Gas Grid Converter pP— El. Grid
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Goals of Power Node Approach

= Goal is to better evaluate performance of power system
operation and to improve performance

Storage utilisation (What is its best use?)
Integrating fluctuating power in-feed
Integrating demand-side management (DSM)

Reduce forced ramping of conventional generators for
load following and balancing of fluctuating power in-feed

Examples of performance criteria
= power system operation cost
= curtailment of RES in-feed

= Power system CO, emissions

ETH Power Systems Laboratory
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