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:

Space of Solutions

BatteriesSuper Grids

Flexibility (eg enabled by AI and Energy Systems Integration)
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The Danish Wind Power Case 

In 2008  wind power did  cover  the entire demand of 
electricity in 200 hours (West DK)

In 2019 more than 50 pct of electricity load was 
covered by wind and solar power.

For several days the wind power production was 
more than 100 pct of the power load. 

.... balancing of the power system

In 2008 wind power did  cover  the entire 
demand of electricity in 200 hours 

(West DK)
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Challenges

Alm
ost no Flexibility 
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Existing Markets - Challenges 

Static

Deterministic

Linear

Many power related services (voltage, frequency, balancing, spinning 
reserve, congestion, ...)

Speed / problem size 

Characterization of flexibility (bids)

Requirements on user installations 
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Markets – Needed changes 

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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Ideas / Solutions
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Use of AI and 
Energy Systems Integration  

The central hypothesis is that by intelligently integrating 
currently distinct energy (heat, power, gas and biomass) and 
water components using AI and ICT solutions we can balance 
very large shares of renewables - and consequently obtain 
substantial reductions in CO2 emissions. 
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The Smart-Energy Operating-System (SE-OS) is used 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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Energy System Models 
for Real Time Applications and Data Assimilation  

Grey-box models are simplified models for the individual components 
facilitating system integration and use of sensor data
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  Smart-Energy OS
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Flexibility enabled using AI
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SE-OS Characteristics

‘Bidding – clearing – activation’ at higher levels

Nested sequence of systems – systems of systems

Hierarchy of optimization (or control) problems

Control principles at higher spatial/temporal resolutions

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

Facilitates energy systems integration (power, gas, thermal, ...)

Allow for new players (specialized aggregators)

Simple setup for the communication and contracts 

Provides a solution for all ancillary services problems

Harvest flexibility at all levels -> max. Virtual storage 
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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
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Control of Power
 Consumption
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Control performance

Considerable reduction in peak consumption
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Flexibility Function
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Examples of Flexibility Functions
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Penalty based setup
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Penalty Function (examples)
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Smart Grid Applications



ERGO-EME Seminar, Mathematics, Univ. of Edinburgh, Jan. 2020ERGO-EME Seminar, Mathematics, Univ. of Edinburgh, Jan. 2020

Case study 
(Level IV – Indirect Control) 

Control of HVAC Systems 
(based on varying prices from Level III)



SE-OS – Low level controllers
Control loop design – logical drawing

31

Termostat 
actuator

Termostat 
actuatorDataData

SensorsSensors



 
Lab testing ….



SN-10 Smart House Prototype 
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Case study

Control of heat pumps
(Energy or/and CO2 efficient 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  (10-15 pct savings in CO2 e.)
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CITIES Solutions
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Energy Flexibility in 
Wastewater Treatment 
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Flexibility Function
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Seasonal Storage - District Heating
(from Simon Furbo, DTU Byg)
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Seasonal Storage - District Heating



ERGO-EME Seminar, Mathematics, Univ. of Edinburgh, Jan. 2020ERGO-EME Seminar, Mathematics, Univ. of Edinburgh, Jan. 2020

(Virtual) Storage Solutions

Flexibility (or virtual storage) characteristics:

– Supermarket refrigeration can provide storage 0.5-2 hours ahead 

– Buildings thermal capacity can provide storage up to, say, 2-10 hours ahead

– Buildings with local water storage can provide storage up to, say, 2-18 hours ahead

– District heating/cooling systems can provide storage up to 1-3 days ahead

– DH systems with thermal solar collectors can often provide seasonal storage solutions

– Gas systems can provide seasonal/long term storage solutions
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Grey-box Modeling
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Traditional Dynamical Model

Ordinary Differential 
Equation:
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Stochastic Dynamical Model

Stochastic Differential Equation:
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The Grey-Box model

Notation:

Diffusion term
Drift term

System equation

Observation equation

Observation 
noise
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Grey-Box modeling concept

Combines prior physical knowledge with information in data

Equations and parameters are physically interpretable
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One-step forecasts

K-step forecasts

Simulations

Control

 … of both observed and hidden states.

Grey-Box models are well suited for:

 Provides a framework for pinpointing model 
deficiencies – like:

Time-tracking of unexplained variations in e.g. parameters

Missing (differential) equations

Missing functional relations

Lack of proper description of the uncertainty
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Grey-Box Modeling

Bridges the gap between physical and 
statistical modeling

Provides methods for model identification

Provides methods for model validation

Provides methods for pinpointing model 
deficiencies

Enables methods for a reliable description of the 
uncertainties, which implies that the same 
model can be used for k-step forecasting, 
simulation and control
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Center Denmark

Green transition paved by green innovation
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Digitalization Hub - Center Denmark
A digitalization hub for data intelligent operation of integrated energy 

systems (electricity, thermal, gas, water)

A national hub for unlocking the flexibility potential for large scale 
integration of fluctuating renewable energy 

Tests on framework conditions have to be representative – and scaling is 
important

The new national smart energy hub is Center Denmark   (10.000 m2 facilities 
for Research, Education, Development and Testing - plus Dissemination) 

 The Societal objective is to establish a realistic and concrete pathway to a 
fossil-free society

The Scientific objective is to establish methodologies and solutions for the 
future intelligent and integrated energy system using digitalization and a 
smart energy hub

The Commercial perspective is to being able to idenfy and test solutions 
which can form the background for commercial success stories. We 
believe that this setup has the unique characteristics for being the 
ultimate smart energy hub for test and demonstration of future smart 
energy solutions



Center Danmark
Test Center for Intelligent and Integrated Energy Systems
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Summary

We have demonstrated a large potential in unlocking the flexibility / 
activating Demand Response. Automatic solutions are important

We need new digitalized markets (based on AI and control)

The Smart-Energy OS Controllers can focus eg. on

Peak Shaving

Smart Grid demand (like ancillary services needs, ...)

Energy Efficiency 

Cost Minimization

Emission Efficiency

We see large problems with tax and tariff structures in many countries (eg. 
Denmark)

Center Denmark is established as a National Digitalization Hub for Smart 
Energy and related systems (water and food primarily). Main purpose is 
to unlock the flexibility needed for the green transition



ERGO-EME Seminar, Mathematics, Univ. of Edinburgh, Jan. 2020ERGO-EME Seminar, Mathematics, Univ. of Edinburgh, Jan. 2020

Summary (2)

Flexibility can be unlocked by big data analytic, AI, grey-box modelling, 
control, forecasting and IoT technologies

District Heating plays provides a lot of flexibility – and hence DH is very 
important for integration of fluctuating renewable energy production

Flexibility has to be described dynamically  (Flexibility Function – Annex 67)

The Flexibility Index gives evindence based measure of the smartness of a 
building, wastewater treatment plant, .... or even a (smart) city

Energy communities and eg. district heating are important in order to 
establish the best solutions for the society

We can design a building or DHC system such that it’s optimal for a given 
climatic zone (using the Flexibility Index)
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For more information ...
See for instance 

                 www.smart-cities-centre.org

...or contact 
– Henrik Madsen (DTU Compute) 

hmad@dtu.dk

Acknowledgement:
Innovation Fund Denmark (DSF 1305-00027B) and EU H2020 (No. 691405)

http://www.smart-cities-centre.org/
mailto:hmad@dtu.dk


                                  

Some 'randomly picked' books on modeling and renewable integration  ....
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