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Challenges 
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Challenges

Alm
ost no Flexibility 
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Local Flexibility Markets 

vs Classical Markets 

Static  -> Dynamic

Deterministic  -> Stochastic

Linear  -> Nonlinear

Many power related services (voltage, frequency, balancing, spinning 
reserve, congestion, ...)  -> Coordination + Hierarchy 

Speed / problem size  -> Decomposition + Control Based Solutions

Characterization of flexibility (bids)  -> Flexibility Functions

Requirements on user installations   -> One-way communication 
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Data-Intelligent and Flexible
Energy Systems 



Space of Solutions

BatteriesGrids

Flexibility (Markets) 
(enabled by ESI, AI, Digital Twins, Control, and IoT)
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Data-driven Digital Twins  
for Real Time Applications  

Grey-box models are simplified Digital Twin models facilitating 
system integration and use of sensor data in real-time
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A so-called Smart-Energy Operating-System (SE-OS) is suggested 
to develop, implement and test of solutions (layers: data, models, 
optimization, control, communication) for operating flexible 
electrical energy systems at all scales.

Temporal and Spatial Scales
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  Smart-Energy OS
The Transformative Power of Digitalization
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Control and Optimization in 
SE-OS

Day Ahead:

Stoch. Programming based on eg. Scenarios

Cost: Related to the market (one or two 
levels)

Direct Control:
Actuator: Power

Two-way communication

Models for DERs are needed

Constraints for the DERs (calls for state est.)

Contracts are complicated

Indirect Control:
Actuator: Price

Cost: E-MPC at low (DER) level, One-way 
communication

Models for DERs are not needed

Simple 'contracts'

In Wiley Book: Control of Electric Loads 
in Future Electric Energy Systems, 2016
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Direct vs Indirect Control



EERA JP ESI – Spring Workshop 2022 – Delft EERA JP ESI – Spring Workshop 2022 – Delft 

The ‘market’ of tomorrow
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Sector coupling



EERA JP ESI – Spring Workshop 2022 – Delft EERA JP ESI – Spring Workshop 2022 – Delft 

Case study (Level III) 

Price-based Control of 
Power Consumption 

(Peak Shaving)
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Aggregation (over 20 houses)
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Response on 
Price Step Change

5 hours



EERA JP ESI – Spring Workshop 2022 – Delft EERA JP ESI – Spring Workshop 2022 – Delft 

The Flexibility Function (FF) is used to characterize and control the 
flexibility at all scales (incl all aggregation levels).

Flexibility Function
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Control of Power
 Consumption
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Control performance

Considerable reduction in peak consumption
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Case study (level IV) 

Control of heat pumps for 
buildings with a pool

 
(Price/CO2-based control)
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Partner
s
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Source: pro.electicitymap.org
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Example: Price-based control



Example: CO2-based control    
(savings 10-30 pct)
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SE-OS Characteristics

Security and Privacy by design

Democracy and Transparency prioritized

Able to unlock flexibility in LV grids  

Embedded TSO-DSO coordination

AI and Grey-Box models for data-intelligence

Hierarchy of optimization (or control) problems

Creates a link between markets and the physics

Cloud, Fog, Edge based (IoT, IoS) solutions – eg. for 
forecasting and control

Simple setup for the communication and contracts

Allow for special (technical) aggregators 

Facilitates energy systems integration (power, gas, 
thermal, ...)
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Case study 
(using existing markets)
Water Distribution 

Network
(joint work with Grundfos)
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Flexibility Function 
(key concept)
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Case study

Wastewater Treatment
(Collaboration with Krüger/Veolia)
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Flexibility Function
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Wastewater Treatment Plant
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Potential (Wastewater 
Treatment Plant)
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        Example: Control of 
Wastewater 

Treatment Plant (Nørre Snede)

Optimizing operational costs – 9.2 pct savings 
compared to currently implemented control

Optimizing (minimizing) GHG emissions – 40.9 pct 
lower emission compared to optimizing for costs
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Center Denmark 

 Digitalization Hub for 
Accelerating the Green Transition
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Trusted Data Sharing Platform



        
Center Denmark

Control Room and Data Space
Spatial–Temporal thinking

Center Denmark aims at enstablishing a trusted data-sharing data space 
which put priorities in cyber security and in enpowering the customers such 
that they are able to provide flexibility without being subject to 
disproportionate technical requirements, administrative requirements, 
procedures and charges 



EERA JP ESI – Spring Workshop 2022 – Delft EERA JP ESI – Spring Workshop 2022 – Delft 

Technical Aggregator at Center Denmark

Control Hierarchies 
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Summary
The future weather-driven energy system 

calls for disruptions.    We need a deep 
digitalisation (AI, IoT, Cloud/Fog/Edge 
Computing, Hierarchy of Controllers, 
etc.) 

Consequently we need an operating 
system for the future smart energy 
system

We need transparent, safe and 
democratic solutions

We need data hubs for energy related 
streaming data (like Center Denmark)

We are looking forward to EU’s upcoming 
‘Digitalisation of Energy Action Plan’ 
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 DSO Perspectives 
Well designed price signals important in balancing of the distribution grid

New tariff models to support price signals

Local tariffs are possible 

Real-time tariffs linked to the actual challenges in the grid 

New tariff that can take care of local energy system – which is ‘off grid’

Better support for (local) energy communitives 

Better power quality at LV level 

Users (incl industry) can contribute with their flexibility

Possibility for multi-supply systems (eg. district heating and electricity for heating)

Privacy by design

Better (active) use of transformators

New ways to integrate battery systems into the power grid

Use the inverters as voltage stabilizing devices in the grid

Can facilitate energy systems integration / sector coupling
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TSO perspectives 

Automated solutions targeting also small units

External control of specific units

Allow for specialized aggregators (eg. wastewater)

DSO-TSO combined optimization/coordination

Maximize flexibility potential

Reduced number of specialized markets (eg related to 
flexibility)

Smart integration of large-scale P2X facilities 

Facilitate energy systems integration
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Meetings with 
Margrethe Vestager
(main conclusions)

The future is trusted data sharing environments (exactly 
like    Center Denmark)

The most important single factor is ‘trust’!

Next to that is reasonable data sharing aggrements 
(Data spaces)

It is very important to be able to combine data from 
many different sources

We need to develop by test-and-evaluation (it’s not 
possible to design the solution before test) – we need 
to focus more on sandboxing. 

We need to focus on energy and data cooperatives (in 
Danish - Andelstanken)

We need disruptions (conventional solutions might not 
be solutions for the future)

We must ensure privacy, democracy, transparency, 
fairness,  GDPR, ...

Contracts must be simple and easy to understand
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Flexibility Function Model describes the energy demand of a price-
responsive systems as a function of price and state of charge.

Flexibility Function Model



Business Ecosystem
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