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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 the first half of  2017 more than 44  pct of 
electricity load was covered by wind 

power.

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

July 10th, 2015 more than 140 pct of the power 
load was covered by wind power

.... 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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Existing Markets - Challenges 

Dynamics

Stochasticity

Nonlinearities

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

Speed / problem size 

Characterization of flexibility 

Requirements on user installations 
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Challenges (cont.)
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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 (incl. buildings) at all scales.

Temporal and Spatial Scales
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  Smart-Energy OS
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Control and Optimization
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, 2015
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Grey-box models for energy systems

Intelligent systems integration using data and ICT 
solutions are based on grey-box models for real-time 
operation of flexible energy systems    
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Energy Flexibility Characteristics

Considerable reduction in peak consumption



 
Lab testing ….



SE-OS
Control loop design – logical drawing

12

Termostat 
actuator

Termostat 
actuatorDataData

SensorsSensors



SN-10 Smart House Controller 
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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 or Fog (IoT, IoS) based 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
Harvest flexibility at all levels 
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Case study No. 1

Control of Power Consumption  using 
the Thermal Mass of Buildings

(Peak shaving)
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Aggregation (over 20 houses)
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Non-parametric Response on 
Price Step Change

Olympic Peninsula

Model inputs: price, minute of day, outside temperature/dewpoint, sun 
irrandiance

5 hours
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Control of Energy Consumption
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Control performance
With a price penality avoiding its divergence

Considerable reduction in peak consumption
Mean daily consumption shif
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Case study No. 2 

Control of Heat Pumps for buildings 
with a thermal solar collector 

(minimizing cost)
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EMPC for heat pump with 
solar collector (savings 30 pct)
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Case study No. 3 

Control of heat pumps for swimming pools 
(CO2 minimization)



ZEN Workshop; Energy flexibility in Zero Emission NeighborhoodsZEN Workshop; Energy flexibility in Zero Emission Neighborhoods

Partner
s
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Source: pro.electicitymap.org



“Please stop”

“Please use”

Source: pro.electicitymap.org







Example: CO2-based control
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CITIES software used
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Summary

A procedure for data intelligent control of power load, using the Smart-
Energy OS (SE-OS) setup, is suggested.

The SE-OS controllers can focus on
Peak Shaving
Smart Grid demand (like ancillary services needs, ...)
Energy Efficiency
Cost Minimization
Emission Efficiency

We have demonstrated a large potential in Demand Response in Buildings. 
Automatic solutions and end-user focus are important

We have suggested a method for characterizing the energy flexibility of 
buildings which facilitates smart grid applications

We see large problems with the tax and tariff structures in many countries 
(eg. Denmark). 
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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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Further Aspects
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(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, 5-10 hours ahead

– Buildings with local water storage can provide storage up to, say, 12 hours ahead

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

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

– Gas systems can provide seasonal/long term storage solutions
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Labelling proposal 
for energy, price and emission based labelling

Considerable reduction in peak consumption
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Flexibility Represented by

Saturation Curves
(for market integration using block bids)



 
ZEN Workshop; Energy flexibility in Zero Emission NeighborhoodsZEN Workshop; Energy flexibility in Zero Emission Neighborhoods

Understanding Power/Energy Flexibility
Some Demo Projects in CITIES:

Control of WWTP (ED, Kruger, ..)

Heat pumps (Grundfos, ENFOR, ..)

Supermarket cooling (Danfoss, TI, ..)

Summerhouses (DC, ENDK, Nyfors, ..)

Green Houses (NeoGrid, ENFOR, ....)

CHP (Dong Energy, EnergiFyn, ...)

Industrial production 

EV (Eurisco, Enfor, ...)

.............
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