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Challenges
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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 2020 Flexibility and sector coupling are 
essential

That’s the topic of ‘Flexible Energy Denmark’

(For several days the wind power production is 
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

M
any projects have 

concluded:

Alm
ost no Flexibility 
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Markets – Needed changes 

Static  -> Dynamic

Deterministic  -> Stochastic

Linear  -> Nonlinear

Silo oriented -> Integrated Energy Systems

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 
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Space of Solutions

Batteries(Super) Grids

Flexibility (enabled by AI, IoT, and Energy Systems Integration)
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Use of AI and 
Energy Systems Integration  

By intelligently integrating currently distinct energy systems 
(heat, power, gas and biomass) using AI and ICT solutions we 
can unlock the flexibility needed for integrating large shares of 
fluctuating renewable energy sources



Energy System Models 
for Real Time Applications and Data Assimilation  

Grey-box models are simplified models for the individual components 
facilitating energy system integration and use of sensor data
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A so-called Smart-Energy Operating-System (SE-OS)  is developed 
in order 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
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SE-OS Characteristics

AI and Grey-Box models for data-intelligence

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

Integrated modelling, forecasting, control and optimization

Simple setup for the communication and contracts

Facilitates energy systems integration (power, gas, thermal, ...)
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SE-OS: Hierarchy of 
Optimatization and Control Problems
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Grey-box Modelling
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Grey-box Modelling

The MPC framework for smart house control and how distrubance forecasts are incorporated
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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

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

For ODEs: Forecasts are deterministic

For SDEs: Forecasts are probabilistic
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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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Penalty Function (examples)
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Examples of Flexibility Functions
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Flexibility Index
(Penalty based control setup)
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Flexibility Index
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Smart Grid Applications
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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

36

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



The considered house 

41



Grey-box model 
(lumped parameter model) 

42
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Source: pro.electicitymap.org
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Example: Price-based control (using embedded forecasts)



Example: CO2-based control (using embedded forecasts) 
(10-15 pct savings in CO2 emission)
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Integrated Forecasting and Control
for Smart Buildings
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Grey-box Model 
for a Smart Building
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Grey-box Model for Forecasting
(Cloud cover, solar radiation, ambient air temperature)
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Grey-box model for 
Ambient Air Temperature
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Integrated Forecasting and Control

The MPC framework for smart house control and how distrubance forecasts are incorporated
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Heating strategies

Strategy No. 1: Electrical heaters

Strategy No. 2: Heat pump

Strategy No. 3: Heat pump and electrical heaters

Strategy No. 4: Heat pump plus electrical heaters and cooling
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15 days out of 7 months simulation
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Electricity cost in EUR 
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Constraint violations
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Summary
Energy Systems Integration is important for unlocking the needed flexibility 

for an efficient large scale integration of wind and solar energy

We have demonstrated how to use grey-box modelling for energy systems 
integration and control 

We have suggested the use of Flexibility Functions (and Flexibility Indeces)

For Denmark buildings with district heating/cooling provide the needed 
flexibility (may include seasonal storage)

FF and price-based control facilitates energy systems integration

We have described the Smart-Energy OS, which is hierarchy of tools for 
aggregation, modelling, forecasting, optimization, and control

The Smart-Energy OS can focus on
Peak Shaving

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

Energy Efficiency 

Cost Minimization

Emission Efficiency
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For more information ...
See for instance 

                 www.smart-cities-centre.org

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

hmad@dtu.dk
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Some 'randomly picked' books on modeling and renewable integration  ....
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