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Motivation

Danmarks elforbrug vs. gron elproduktion
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Uge

24 timer
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Kilde: Energi Data Service

Elektricitesproduktion [MWh per time]

. Produktion fra Vedvarende Energikilder . Produktion fra Fossile Braendstoffer . Forbrug

https://ing.dk/artikel/live-danmarks-elforbrug-og-elproduktion
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Motivation

W

Energy storage systems Increase renewable + curtail

Power-to-X Demand-side flexibility
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sz Hierarchical power systems: Grid flexibilities (2023)
0& ® f: Transmission grid
' ' Economic optimal power flow
* Minimize cost
220/380 kV « Security constraints (N-1)
« Transient stability (network Laplacian)
e « Demand of flexible nodes are free

0&' A Flexible distribution grid
™ Sachsen T . .
=) Energie 3 Min/max optimal power flow
@TEI'\I']ET § « Min/max total energy demand
> 3] - Demands of flexible nodes are free
g 5
g 1L % §
Hierarchica Power e = o % Flexible assets (e.g., microgrids or vertical agriculture)
Operation Using Grid o P PN =
Flexibilities Ikmv & Y~ /Ql_l \'\:ﬂ S . 5 E . . . t- t I
AN conomic (price-sensitive) contro
8 "

B https://doi.org/10.1007/978-3-031-25699-8

March 11th, 2026 GreenLab Research Community Day Hierarchical methods for exploiting flexible energy resources


https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8
https://doi.org/10.1007/978-3-031-25699-8

=
=
—

Remaining challenges

it

A Demand response depends on “state of charge”

220/380 kV

/I\ Flexibility may be finite

A Requires full control of energy demand

Flexibility
uonejuswadwi |eaiydJtelaly
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Direct vs. indirect control (incentivization)

W

Coordinating

entity/aggregator
Direct control ylaggreg Indirect control

(energy demand) (energy price)

Eﬂ anﬁ e
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Types of flexible assets

Large and

intensive Small but widespread

A A N~
v O g

A*a L‘A k‘) L‘J k‘) t.‘a L‘A g*a g‘; k‘) k‘) u*a

| = —

Greenhouses

s-l{ fl(

Large PtX '\
plants -

e

Hli[§ P ©
Energy storage ®" ﬁ Smart

A~ I
facilities Heat pumps appliances

EEBEB t‘-;-‘
E E E E Electric vehicle
charging
__ Data centers Household
== heating
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== Types of flexibility
o
Flexible and fast Flexible but slow Complex
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AL Smart Energy Operating System (SE-0S)

W

T = Aggregated loads

e, (Static)

% e = Transmission System Operator (TSO) o e o w‘i,= E

Day Ahead Market

Conventional
.-© :  markets

\

\

Balance Responsiblg‘Pa rty

O

, : e W b Link markets to
N | D [& physics using MIMs

DIRECT CONTROL (DQ)
Individual consumption
schedules

INDIRECT CONTROL (IC)
Price signals

(Flexibility Functions)

Aggregator

(Dynamic)

B o
Sub Aggregator B
Q‘-\ce Forecast services

/ \tmm s Local incentive-based

-
Sub Aggregator A
Forecast services

Meteorological forecasts
Local data

istribution
treatment

o £ e o e . flexibility exploitation
El é g5 S | = | . i
= = Jp— :
SIS Y iy g = f =
panEp " 2 ey 0 | [l . (Hierarchy of controllers)

heating/ Intelligent Solar

cooling buildings thermal g:gzé_:;'ea; CHP plant

Industrial
processes
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Minimal demand response models: Flexibility functions

W

Flexibility function: Predict flexible demand as function of
Price
“State of charge”
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Account for uncertainty Very likely!
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Very unlikely!

Hierarchical methods for exploiting flexible energy resources

March 11th, 2026 GreenLab Research Community Day



=
=
—

W

Interoperability through incentivization

Price signal generator

v T N\
(piﬂ E[Z ?Uj.,kHP:’;c — Zref.,k'll + pf|pr — 'Pref,k”] |
III k=0 /

Sub-Aggregator | _ Aggregated Loads : \ ————
Zof i _____---ff"”"-f_
 — P Do Adv. u \ ; —
. P| Regulator :-=Controller—1’ FA1 | i
l A : . Adv. U2
z . Mcontroller | | FA"Z
d Estimator Ad y _
- — + P \'A —> .
: . |Controller FA] . .
gt e S _ Price-sensitive control system
—5 7\
We adopt a control-based f/ min B3 65w unpn)] \
approach where the price | kj i=1 —— \
. - \ s.t. Ty = Axy il
becomes the driver to manipulate \ rh = Az + UR +C;a. |
. . Yk = Ll
the behaviour of a certain pool i} < g < e,/
flexible prosumers. \-f_..,;:m <y < ».-;;g:y
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Dynamic price signhal generation

W

| . . ..

I Penalty Generator for, e.g.: Penalty Signals for: Cost Efficiency,

I Voltage Control, Emission Efficiency,

I Balancing, Energy Efficiency

I Load Management, - o\

 Congestion Management, = = === ======== _; Flexibility Function i

I : (Estimator)

I [ . J

I v

I Reference Penalty Generator 1 Penalty < Flexible User(s) ReSponie'

(Controller) J (Penalty-responsive) :

1
I
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Example: Flexible building energy management system
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Demand, D

Price, p

Comparison of price signal generation strategies

Day-ahead (no uncertainty)

¢ =0.224
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(a) Deterministic open-loop solution,
hourly price update
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Day-ahead (uncertainty)
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(b) Stochastic open-loop solution,
hourly price update

Real-time update of prices

¢ =0.061
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(¢c) Stochastic closed-loop solution,
confinuous-time price update
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Selected research activities

W

* Horizon Europe
» Flexible operation of district heating grids
« Demand-side flexibility exploitation in district heating

« EUREKA Eurostars

OPTIFLEX - Demand-side flexibility exploitation

* Integrated market bidding

GreenTwins: Flexible operation of carbon capture units

INNO- CCUS

Orbo capt

PtX Markets: Demand-side flexibility exploitation

CANSI: Flexibility of electrolyzers

MISSIAN

PtX Sector Coupling and LCA: Flexible operation of plastic waste to methanol

PWtM-Flex: Flexible operation of plastic waste to methanol

© g k~ w0 b=

i energy sww.

PtX Ris@ project w. SemperCycle: Flexible operation of plastic waste to methanol
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Flexibility across hierarchies

Demand response model

Dynamic energy prices

GreenLab Research Community Day

Load shift incentivization
Hierarchies of aggregators

Flexibility functions
Time-varying (flexibility is finite)
Real-time data assimilation

Day-ahead prices
Real-time price adjustments
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