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ABSTRACT

The massive gmeth in the usage of renewable, but
fluctuating energy sources in connection with the energy
turnaround calls for a similar growth of the integration of
flexible loads. This seems to be a vital aspect to maintain
the balance between production and consuomptn the
transportation grid as well as in the distribution grid at low
voltage level. In this regard the questiofhow to achieve

a flexible and cost efficient mass integration of low power
demand facilities like domestic heat pumps ispafcil
interest.

The Center for Demand Side Integration at theversity

of Applied Sciences Hamburg and Energie Baden
Wirttemberg (EnBW, the 3rd largest utility in Germany)
developed and tested control algorithms in a simulation
project in order to integrate a lagynumber of distributed
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SYSTEM DESIGN AND ELEMENTS

The objective in the development of the system design was
to create a structuthat enables efficient communication
and a central control and monitoring of a system for
Demand Side Integration, which consist of a large number
of system elements (tens of thousands). additional
requirement was the day ahead scheduling afdhsuners
participating. In order to optimize the procurement of
energyat a wholesalenarket a dayahead load schedule
needs to be generated for all of the consuntighsd to be
taken into account that a demashependant planning makes
the knowledge of thdemand behaviour and the state of all
the systems elements mandatory. To collect and evaluate
this data centrally would lead to an immense data volAme.
further aspect is the schedulingpplemitself. Often used
methods likeLP (Linear Programming) avIL P (Mixed

consumers (several 10.000) into an integrated system. The Integer Linear Programmingan be used for the scheduling

behaviour of the system was analysed with regard to load
prediction, sbeduling and shifting potentials

INTRODUCTION

The electrification of heat supply in residential binlgs
and therefore theonnectiorof electrigty and heat demand
cannot only increase the efficiency regarding primary
energy consumption, but also holds the possibility to
integrate these consumer s
electridgty supply systm. Electrical heating systems like
heat pump¢$HP) or night storage heateffdSH) can have a
big flexibility to postpone their electrical consumption. Due
to installed storage systems #rdthe storage capacitgf
thein-house heat distributiosystentheelectrigty demand
can partly be decoupled from the heat demand. Heating
systems in the residential sectespecially heat pumps
only have small installed loadsit can be aggregated to
switchable load®f a significant dimensianin order to
enable amperator to take control of a swacansistingof a
large number o$mall consumerspecial algorithms need
to be developed whiclenable the aggregation of the
flexibility in power consumption and the monitoring of the
systemAlso thermal marginal condiéiins have to be met to
ensure that no loss of comfort arises due to too high or too
low room temperature in the buildings a lack of hot tap
water.
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of single orcomparably smaller groups of applicatiohise
speed in finding the optimal solution and the computational
effort depend on the constraints the number of
applications and  objective function. Especially the
dispatching of a high number of applications with similar
parameters leads #oflat solution tree which slows down
the finding of the optimal solutiodramatically []. A
central approach for this scheduling probleruidanot be
feasible re dlng the co atiomslerheador at least,
fimit thé st %llrt)}of)thegyg Pcations
Onthe basi®f these conS|derat|0|am agent based concept
was used wheraecentredcontrol and schedulingre
realized. This concept bears additibnadvantages
regarding the reliability and extendibility of the system.
During afailure of communication raautonomous agent
canfall back on doad schedule that wageneratecarlier

or an emergencygchedule New participants caeasilybe
integrated wihout changing the central data stock.

Components of the systemand system architecture

The toplevel entity of the systenis formed by the
dispatcher. Analogous to power plant dispatghthe
dispatcher optimises the operation of the whole system,
gives guidance for the generation of the eyead load
scheduleand is ablé¢o change the behaviour of the swarm
within the day. Based on external information such as
shortages in the distribution grid or current prices at the
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stock exchange the dispatcher caketaction anihduce
changs of the predetermined load. Together with the
aggregator the dispatcher forms an entity. Here information
about the participants is collected and evaluated for the
dispatcherandinformation is distributetb the underlying
level of subaggregtors.The dispatcheonly hascrucial
information about the system in an aggregated form.

The subaggregators communicate directly with the
participants. They provide two basic services. First they
aggregate information from the consumers caculate key
figureson thecurrent state and the flexibiliof the system.
Second they distribute requeBtam the higher levetb the
participants. Eaclubaggregator stands in a Zconnection
with the consumers.

Every participanis connected via control boXCB). This
device contains all necessary algoritimpredict the heat
demand and to plan, monitor and control the operation of
the heaterThroughout the daghort term load changing as
well as long term shifting potentials atetermined.

The knowledge about the syst@gurrent state is more and
more abstracted witlirising level in the syste@a structure.
Besides the reduction of traffic by introducing levels of
aggregation, encapsulatiohconsumer groups can be done
to depict network topologies, making a local network
congestion managemevitaible [2]

Dispatcher/Aggregator

g ¢ 8

[Subaggregator] [Subaggregator] [Subaggregator]

0 0
o e (e

Figure 1:three level system architecture

Due to its modularityttis communicatiostructureoffers a
high degree of scalability, which &f large interesfor a
mass simulation as Wesfor a real system. Alsthe data
security plays a major rolein the system designThe
describedystenensures that no individual dateedto be
stored outside th€B. Due to he fact that all individual
datais aggregated beforbeing pas&d to the top level
information onindividual households has to be stored
nowherebut in the localCB.

Concept of operation

In this project an electricitied operation mode was
designed in which the planning and scheduling of the
consumers is done othe basisof a building specific
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characteristic curve for the heat demand. A similar concept
was developedh [3]. In a field tial it could be shown that

the control of domestic heat punspon bass of a
chaacteristic curve for the heat demand can yield a control
success comparable to a conventional heat pump regulation.
This kind of control is notachieved on the basisf
measurediemperaturdevels in the return flow but the
control of the heat pump igalisedby a planning of the
heat production itself. For eveday the cumulative heat
demand for the day is predicted whereafter the operation
and heat production of the heat pump is planned in advance.
Before a consumer can be switch to an electrleidy
predictable operation modehe ambient temperature
dependat heat demand as well as the flexibility in heat
generation has to be learned in advamteCB contains a
selflearning algorithm which, in a first step, observes the
heat demand of a building as well as the resulting operation
of the heat supply unitH{P orNSH).
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Figure 2:exemplaryrunningand shudown times of a heat
pump plotted against mean ambient temperature

Key figuresare evaluatedescribingthe behaviour of the
building regarding flexibility and heat demandhis
knowledge is important tonsure a reliable planning and
prediction of aHP or aNSH and to run an electricitied
control without affecting the comfort regarding availability
of domestic hot wate(DHW) or the room temperature.
Figure 2 shows the running and shutdown times of amod
of a domestic heat pump plotted against the daily average
ambient temperature. This is crucial information to calculate
the flexibility in shifting the electricity consumptioffter a
learningphase the CB logs on to a subaggregatoriand
able todeliver aday-ahead load schedule and intraday the
load shifting potential on the basis of the réarmal
situation of the building (to be used for reserve capacity
etc.)

The dayahead scheduling is realized using a heuristic
algorithm which uses the prelinaily learned parameters, a
temperature forecast and a preference signal. The latter two
are provided by the dispatchefhe preference signal
indicates on an hourly bigswvhich periods of time should
primarily be used for consumptioepending on the
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technical parameters and a given preference signal not only

one but a set of solutions would lead to an optimal load
schedule for a single participant. Bglectivelyadding
random effects to the generation of a load schedule this
flexibility was used to rduce the concomitances in order to
smooth the total load schedule of the swarm. This non
deterministic heuristic algorithm can be run on a simple
micro controller.

During the day deviations of the current load from the
predefined load schedule are mitightesing a bidding
based regulation.

REALIZATION OF THE S IMULATION TOOL

Standalone models of heat pumps, night storage heaters
and the supplied buildings were built and validated using
Matlab/Simulink. From there the models where exported as
dynamic link lbraries (.dll) into the JAVA based mass
simulation Framework JADEX. A control and
communication infrastructure was added likewise,
consisting of control boxes in the buildings, sggregators
and a central aggregator and dispatcher. Using the JADEX
framework, mass models of several 10.000 individualized
buildings with their heating infrastructure were simulated in
small time steps (one simulation step per minute of
simulated time).

Building model in Matlab/Simulink

Using Matlab/Simulink models of buildigs containing
heating systemandDHW tankswere designed in order to
depict the thermal behaviour of the whole system consisting
of heat generatignstorage heat distribution and heat
demand in a dynamic simulation.

The reasora detailed simulation of sgle buildings was
realised wa®sn the one hand to take into consideration the

temperature dependant heat demand as well as the usage

dependant heat demandué to e.g. ventilation dDHW
usage). On the other haadly in a building wise simulation
the efiects of different building physics resulting in different
heat capacities or a variation of storage and heat distribution
sydems can be taken into account.

Figure 3 shows the simplified structure of the model
exemplified by a building with a brine/watdP and a floor
heating system as well as radiatofer the simulation
measured time series in time steps of one minute for
ambient temperature and solar radiation were used.

In buildings which are equipped with heat pumps the hot
water preparation is usiyblso done centrally with théP.
Houses withNSH however have decentral hot water
preparation with electric flow heatefBhe DHW storage
tanks were modelled as stratified storsayeks[4]. Usage
dependant withdrawal profiles were generated usingtie t
DHWocalc which was developed by the Technical University
of Denmark in association with the university Kassel. It
allows generating profiles for DHWemand on a stochastic
base [5].
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Figure 3 schematic model structure of building wBAWV-
heat pump

Mass simulation in Jadex

Jadex provides a muleigent platform for both extensive
conceptual possibilities and toolsmisludinganalysis tools
for the creation of complex distributed applications. It
containsa programming framework and an execution
middleware.[6]
The buildings agents are dependentof various
(environmental) parametemshich are provided by the
framework. Furthermore they are in a reciprocal
relationship wititheMatlab DLLs that encapsulate both the
thermal models and th€B. Dynamic Link Libraries
(DLLs) are generated from the previously described Matlab
models.Any parameterizatiomas well as the internal data
storage of the models i®moved and interfadeto the
outside. The resultingLLs arestatelesand are used as
called reentant DLLs. Thisresults intwo advantages:
- Not every building agent requires a separate DLL,
which dramaticallyeduces the storage overhead
- Support on Windows. Windows allows a Java
process to only hold 117 different DLLs
simultaneously.

Results ofthe simulation

The objective of the simulatiompproachwas on the one
hand to develop and test the algorithms. On the other hand
the behavior of large swarms of consumers was analyzed
regarding the reliability of load schedules and ishifting

as well as sale effects.

Two different types of load schedules can be generated
using the developed simulation toéirst load scheduke

can begeneratedisingthe preference signal provided by
the dispatcher. The other alternative aims at generating a
stableload.In this case theunningtimes of the consumers
alternate,resulting in aload schedule with the smallest
concurrency possible.
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Figure 4 shows an exampdé a day during winter with a
stableplanned load for 10.000 heat pumps. The total load is
plotted aghe quarter hourly average.

The unstable heat demand duatigh hot water demand

in the morning and the evening results in two bumps at

shows a much higher flexibility in relocating their
consumption. Also NSH have a large installed load in
relation to the heat demand of the building because they
directly conwert electricity to heat, and they usually are
dimensioned to cover a d@yheat demand in a maximum
time span of about 8 hours.

a winterdés day for 10.|000

Figure7: average intralay load shifting potential for one

around 8 a.m. and 8 p.m.
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Conclusion

This article presenthe design of a syasin for demand side
integrationof heating applications, which allows a day
ahead scheduling of the participants as well as an intraday
re-dispatch.The conductednasssimulationimplies that
such a systerwould havestrongpotentias andreliability

for theDSl loadspooledin it. Thedescibedmodularity of

the architecture and tmeethods for schedulirgjlow for a

high degree o$calability.
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Figure6: average intraday load shifting potential for one
hour per HP

Figure6 and7 show the potential for load shiftirduring
the day for a period of time of one holithe negative as
well as the positive potentiddave a strong temperature
dependencyWhen @mparingHP andNSH the latter one
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