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Abstract: A significant pariof the overall energy consumption of office buildings
and households in Europe is consumed for heating. Todtégndard is thdieates
are controlled by thermostats so thia desied temperatures are maintairfed
set periodsWe now present ConAH (Context Aware Heating) thahtrok heates
so that heating periods are minimiagtile keepingthe comfort ofthe occupars.
ConAH utilizes information about futurgresence of occupars in therooms,
calledlocationcontext of theoccupang. To minimize the heating periodsd save
energy heates areswitched on justsufficiently beforeand duringusage times fo
the roomand are switched off in all other cases. Toalculatethe moments to
switch heates on (heat up)r off (cool down) ConAH needs 1. the future
occupancies of the room. Future room occuparaiiebtainedia the prediction
of theoccuparis context, here in terms of location. tRe time that the room needs
to heatup or to cool downbetween two reference temperaturekis is called the
room’s heating and cooling profile and determinedby experimentsn a real
meeting roomas well as by siulations We presentthe potential energy savisg
of ConAH compared to a standard corkeo with a thermostaand explain the
effects that are responsible theseresults.

1 Introduction

In recent years the importance of efficient energy ugagewng. The REiropeariJnion
aims at reducing the overall consumption of energy by #0%2020 EEC1]. Since
Germany has set a goal to exclusively use renewable energy sourcesObyh2® of
course energy efficiency is crucial to achieving this godEurope a larggortionof the
overall energy is consumed by heating. In the planning phase of buildiegsight
expertisecan help to reduce thdemand ofheaing. E.g. the orientation to the sun and
the insulation of external surfaces are important factor Germany around 90% of the
buildings are nqgtor just barely, thermallynsulated EOBO7. For theseand even for
efficiently constructed and weihsulated buildings there are options for improvement in
energy efficientoperation. Thermostats areotiay’s standard for controlling heating
They maintairthedesired room temperat@wby controllingthe heates.

To control the heaters, the presence of twuparg can also bausefd. Here in the
paper we call this type of informatiditontext. An exampe of context is the current
occupancy of the room. To reduce the energy demandehteris only switched on
when persons are in the room. It is easy to detect this context, e.g. ioa seEnsors.
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However, ©iangng the temperature is a slow processu3, staihg the heating just
when persons enter the room might be too late and cphgsigaldiscomfortdue to too
low room temperatureThe desired temperature has to be reached befotpans enter
the room; the heating hag start in time beforéhey do.In this paper we present our
idea to utilize"Context AwareHeating, called ConAHConAH aims at minimizing the
operation periods ofieates to the onesreally neededlt also assureghe occuparg
comfort by heating rooms early enough to avaidysical discomfort To do so,the
following data is essentiall. the future occupancies of the room. Future room
occupancies webtainvia the prediction of the@ccupard’ contexs, here in terms of
location. 2.the time tlat the room needs to heat opto cool down between two
reference temperatures. This is called the feoheating and cooling profilend was
measured forour test room the meeting room at the Chair for Communication
Technology (ComTec), Kassel UniversityVe will show thatConAH can achieve
energy savingcompared to a standard controller with a thermostat in scenarios where
rooms aresometimesnot occupied.In principle, simiar ideas can be used for air
conditioning.

This paperis omganized as follows: Section 8ives an overviewof the different
approaches of energy efficient heating systems. In Se&i@onAH is explained
Section4 presents the experiments donaé&terminehe heanhg and coaing profiles of
the ComTec meeting roorand the heating energy consumptiohs Section 5 we
present the resultingnergysaving of ConAH and explain the responsible effects. The
conclusionis given inSections6.

2 State of the art

Looking at heating systems with respect to energy efficient cotirerle are sotions
like the RWE SmarHome [RWEL13 and Aprilaire AP13. These solutions support
interfaces to allowoccupant to configuree.g. the thermostat for their individual
preferences themselveas a result of studies with the intelligent environmaiaus
[FI13], the authors of RZNO6] presenthow to simplify interfacesfor environment
control There are projects like the Aware HonkJA99] from theGeorgia Institute of
Technology Atlanta, United Statesand the Duke Smart Hom&(Q9] from the Duke
University, Durham, United StatesThese projectare living environment laboratories
for research in ubiquitous computing for everyday activitieisey allow analyzing
occupams’ behaviors and testing new approaches in energy efficientgaameat and
comfort. The Adaptive House is an tiative by the University of Colorado, United
States MO05]. It focuses onthe improvement of theoccuparg’ comfort and on
decreasing the need of interactions with the home management systerded heas
that the house should be able to program itself. this reason the switches and
controllers to control heating, lights, etc. were replaced by interfabih are able to
log the actionge.g. switching on) from the occupardg. Further there are sensors to
observe the occupancy of the rooms. The logg¢idres and occupancy information are
then used to manage the actuators and to predict future states of thewiocises

! Cooling is done by switching off heaters
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useful to controheatingor air conditioiing. After some time of observation there should
be no more need to interact with the interfaces (e.g. thermostats). Everething goes
wrong, theoccupang just have to indicate their preferences via the interfaces to adapt
the management system. DifferentGonAH, it does not focus on reaching the comfort
temperature beforeccupans entg the room.The MavHome is a joint research project
from the Washington State University and the University of Texasngion, United
States $CO09. It has similar goals and methods as the Adaptive House. érdliffe is

that the MavHome uses the obsehsensor data to create context profiles of the users.
After some time of observation these profiles are used to control the deVhuss.
project focuseson minimizing maintenance costs, manual interactions and energy
utilization. Similar to the AdaptiveHouse it is unclear how to control the slow hegi
process so thaa desired temperature is reached just in tim¢hefbeginning of the
occupancy.Another approach for a context aware heating system is given by the
Department of Informatics, Fribourgwizerland. Theyassumethat energy can be
saved through kinetic awareneB8BHO0§. Kinetic aware systems can detect the location
of occuparg and recognize their activitieShe idea is, thatvhenoccupantsare doing
sportsthe room temperaturdoes notave to be as high as when they are watching TV.
The desiredempergure canthenbe decreased whicdaves energyl'o detect positions

and activitiesjinfrared sensors and indoor positioning sensors are used. We think that
kinetic awarenesmight not be hipful in some cases, e.g. in scenarios of daily life in
office buildingswhere most activities are sitting and walking.

3 ConAH - Context Aware Heating

ConAH aims to save energy by minimizing the operation periodseafes. The basic
idea is simple: if o occupantsre in the roomno heating is requiredbut gart heating
just whenoccupantsenter the room might be ddate and causeghysicaldiscomfort.
Obviouslythe minimal possible operation period with respect toott@ipars comfort
consists of wo durations 1. the timeneededto heat up the roomto the desired
temperature till an event starts (an evemtfigure occupancy of the room and hastart
time anda duratior) and2. the time the temperature is maintained duthgeventThis
is illustrated inFig. 1. The room temperaturat 1:00 p.m. is 21°C.Theiie no event in
the next 2.5 hoursso ConAH switches off theheater The roomis cooling down,
because heat is transmitted to the colder outside through thmatxseirfacesThe
roon's cooling profile inow used to conclude that the room temperature will decrease
to 19°C in the next 90 minuteBhe rooms heating profilecortains the informationhat
the heaterneeds one hour to increase the room temperatane #9°Cbackto 21°C.
Thus,ConAH calculates that the point switch on theheateris at2:30 p.m.(operation
period start)The desiredemperaturés then reached just before the event stértsing
the event the temperature is maintaire®1°C. At 5:00 p.m.the heateris switched off
again because there is moedictedevent in the futurgoperation period end)The
minimal operationperiod consists othe heahg up period fron2:30 p.m. to 3:30 p.m.
plus the maintaiimg period from 3:30 p.m. to 5:00 p.rt2.5 hours at all)Compared to
this, a standard controller with a thermostat would ldeaing thewhole observation
period i.e. from1:00 p.m. to 6:30 p.r(6.5 hour.
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Figurel: Example of ooling, heatng and maintaiing periodsof context aware heatingonAH)

The architecture of ConAH is shown in Fig. 2. Each room applying ConAtdiosrone

or more temprature sensors. Temperaturens® readings, information about the
occupancy of a room, andraom's heating andavling profiles are the input for the
Operation Period Caltator. The Operatiomperiod calculator calculates when to start
heating so that a room reaches comfort temperature right before the agparmy. It
also calculates when to stop heating so tioatfort temperature is maained until the
end of the next awpancy.The Timer then waits for start and stop times to control the
heater.

ConAH Plattform

Temperature
Sensor

Operation period
calculator

Occupancy
information

Roc;\rﬁFr'C)’i‘iles

<

Figure2: Achritecture of context aware heatii@onAH)

4 Experiments
In this section wepresentthe experiments and their set fgo determinng the heating

and cooling profiles of our test rooM/e also measge heatingenergy consumptions for
heaing up periodsandperiodswhere the temperature is maintained
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4.1 Experiment set up- The ConiTec meeting room

To measure aoom’s cooling and heating profileand to calculatenergysavings we
use a meeting roomt ComTec. The meeting room htee dimensions of 6.X 8.3x 3.4
metersand a resulting volume of 175 m3. It has two doors, ederior wall with large
doubleglazed windowsand it is surrounded by offices andhallway. To measure the
energy consumption of heaterin kilowatt-hours (kWh), the installetheates were
switched off. Instead we use an electricaaterwith a specified mgmum consumption
of two kWh. In the experiments theeateralways heatsvith maximum powein heating
up periods An ammeter between the socket outlet and tieater determines the
consumption. We are going to compdhe heating energy consption if heaing is
controlled byConAH and bya conventional thermostat. To detect the consumption of
the heatercontrolled by thestandardthermostat we combine a thermostat with the
switch of theelectrical heater

4.2 Experiment conditions

There is more than ortemperature zone in a room. E.g. the air temperature above a
working heater is higher than the rest of #ietemperature of theoom We neglect
these zones and use just one sensor placed in trdlendfl the room. The desired
comfort temperature is assed b be 20.9°C. The lowest acceptaldgnperature is
assumed to b&7.55°C.The surrounding temperatures aefollows Kitchen: 2.5°Cto
24.5°C,neighboringoffice: 25.5°Cto 25.9°C andoutside temperaturd °C to 4°C. The
sensor measurés °C +/- 0.5°C and recognizetemperatures in steps @22°C.

4.3 Heating and coolingprofiles and heating energy consumptions

Now the cooling and heating profils of the meeting room and the heating energy
consumptionsare presented. They aralid for the experimet conditions listed in
subsectio.2. Fig. 3 shows the coatg profile of the meetingroom measur from
20.9°C to 17.55C. The room temperature decreases exponentially with timtke limit

of increasing time it approachése lowest surrounding temgadure which is actually
the outside temperaturEach poit in the figure marks a momeat whicha detectable
change ofemperaturevas measured.
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Figure3: Cooing profile of theComTecmeeting room
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Fig. 4 presents théneatingprofile of the meetingroom from 17.55C to 20.9C. The
room temperaturesesexponentially with timeWhen the electricdleaterheatsup the
room at maximum power, we measure a mean consumption of 1.8 kwWh.
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Figure4: Heaing profile of the ComTecmeeting room

By now wehave obtainedhe heating and cooling profiend also the heating energy
consumptiorfor heatng up periods A third measurement detainesthe mearheating
energy consumption wherthe desired comforttemperatee is maintained This is
whenever a room is occupiedn these periods théeater has a meanrenergy
consumption of 1.4 kWh to maintain 20.9°C.

5 Results

5.1 Energy saving depend onthe time between two occupancies

ConAH aims at saving energy by minimigirthe operation periods of heaters with
respect to event schedules and the occupamysical comfort. This means, energy
savings can only occur when there are also periods without occupancy.tTinakes
sense to present the energy savin§<ConAH conpared to the standard thermostat
depending on the time between two occupancie®ther words: How much energy can
ConAH save between the end of an event and the start of the next Ehisnis
presented in Figb.
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Figure5: Energyconsumptiorcomparisorof the context aware heating and a standard thermostat
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Onething to notice ighe potential to save enerdgr periods ofmore than four hours
between two occupancies. Therernisaergysaving of 10 % if the room is not occefi
for nearly 6 hours and nearly 30 % after 10 hours withoyt @scupation An
unexpected result, having negatiemeergysavings,takes placéf the time between two
occupancies is less than four hoBsibsectiorb.2 and 53 will explain the resons for
positive and negativenergysavings.

5.2 Where do the positiveenergy savings come from

Fig. 3 shows that the room temperature decreases exponentially with time tiaden
heateris switched off. This is causda the properties of heat transmission. Gelhgra
heat transmission is directly proportional to the temperature differbrtween room
temperature and the surroundingsL12, DO08]. Thus, the largerthe temperature
difference between the warmer room and the colder outsjdédsfaster the room
temperature decrease¥he hedhg curve in Fig.4 follows this property, too. At the
beginning of théheaing up period the difference between the room temperature and the
outside temperature is smaller. Thus, less heat is transmitted to the aumsithéneater
heats up the room faster. Thdarger the differencebetween room and outside
temperature becomethe more heat is transmitted to the outside anchtbee time is
neededto further increase the room temperatut®nAH switchesoff the heatey if
possible While cooling,the room temperature decreases due th¢fae losghrough the
building outside wallsThe same amount of helaas tobe returned to reheat the room.
Energy swvings are achieved because the standard controller always maintains the
comfort temperature and thus, always equatesitjteerheat transmission to the outside.
ConAH does not need to equate this heat transmission in cooling periods.

5.3Where do the negativeenergy savings come from

In order to explain reasons for the negatareergy savings, the influences of heater
controllers with different tolerance bands are investigated threagibus simulation
studies. e TRNSYS simulation program [TSS13] is used to investittaedynamic
property of the room temperature. The simulations are based on a room nibdeB&
m2 floor area. A heater model with a maximum heating power of 2.7 ki¥ed. The
room model has the following ideal conditions in order to redudeeinées on the
dynamic of room air temperature: There is no heat transmission betieeeafé¢rence
room and its neighbor rooms. Heat is only transmitted through the euwtsilll of the
room. The outside temperature is constantly 0°C and there are no solateanal iheat
gains excepting the heaters heat. The mostnomm method is the control via a
thermostat with the toleranceutd of £1 K (Kelvin) or £2 K [R1R For the simulation
we implement it with a +1 K tolerance band. Fig. 6 shows the dynampegyoof the
room air temperature for a period where the heatewisched off for 2 hours. It is
assumed that the room air temperature is about 21°C at the beginningaitVihes
timing at one hours, which could be:@0 a.m From this moment on, the heater is
switched off for two hours. In this time, the room air pamature decreases to 19.24°C.
By hour three, the heating starts. Because of the tolerance band the heatewitched
off at exactly 21°C but at 22°C and thus, heats up longer than requinedeffect

1001



predominates for a short time between two ocoujfs and results in additional
expenditureof energy. We simulate again with the same setting but replace the @ntroll
by an ideal controller. The ideal controller does not have any tolerance iérstiops
heating just after reaching 21°C. For this gpt there is no additional expenditure of
energy.
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Figure6: Temperatur gnamics of the room air temperature with a tolerance band of +1 K

5.3Energy savingsfor explicit scenarios

In Fig. 5 the energy savings depend the timebetween two occupanciesin other
words: How much energy ca@PonAH savebetweerthe end of an event and the start of
the next eventlo calculate the energy savingsring aday, further specificinformation

is neededlt is important to define the observation period and the amstantfimes and
durations of the eventaVe will now use the following examples tshow how to
calculate thenergy savingwith theextended conditionigelow:

e Observation priod: 7:00 a.m. to 5:30 p.mMNe assumethat the standrd
thermostat and ConAH botiavea night set backnd behavéhe same way at
night.

e To simplify the comparisorthe room temperature sssumedo be20.9°Cat
the beginnindor both, the standard controller aBdnAH.

e The overall heating energeonsumpbn with the standard controller with an
thermostat id4.7 kwWh for thel0.5 hours of observation.
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Scenario- No event in the observation periothis scenario matches e.g. to meeting
rooms which are sometimes not occupied for a whole day. A standardlieontith a
thermostat maintains the temperature for the whole observation per@ahAH
immediately switcheff the heaterat 7:00 a.m. sothe room temperature starts to
decreaseNo event is predicted the system avoids switching otle heaterand the
temperature sinks to 17.85 in the nextl0.5 hours(see Fig.3). In effect it consumes
no energy at all and thenergysaving for this scenario is 100 % (14.7 kWh) for the
observation period.

Scenario- One event in the observation perio@his time an event is predéd. The
event takes place at5D p.m.and hasa duration of one hourConAH calculates how
long the room can coalown to a temperature which can be reheated to the comfort
temperature until the event starts. Tikerent heating, coolingnd maintaining periods
andalso theenergyconsumptions are shown in TableThe overallenergyconsumption

in the observation period is 10.4 kWh. The standard controller consumes 14. fhkWh i
the observation period $0onAH saves 29 % 4.3 kWH.

7:00a.m.—9:50a.m. 20.9°C- 18.9C -

9:50a.m.—2:50p.m  18.9°C- 20.9C 5hx 1.8 kW =9 kWh
2:50p.m.—3:50p.m. 20.9°C- 20.9C 1 hx1.4 kW =1.4 kWh

3:50p.m.—5:30p.m. 20.9°C-19.3C -

Tablel: Cooling, heating and maaiting periodsfor the scenario

6 Conclusion

This paper presenBonAH (Context Aware Heatinjgour idea to utilize context aware
heatingto minimize heateroperation periods wit respect to the comfordf room
occupantsThe minimal operation period ithe time that is needed to heat up a room to
desired comfort temperature until the occupancy staptes the duration of the
occupancyConAH is aware of contexighe future ocapancyof the room} and needs
heating and cooling profiles of the roarii¥e measured the heating and cooling profiles
of a realmeeting roomWe showed thamminimizing the heating periods caresult in
energy savingcompared to standard controllers witlermostatsif the observed rooms
are sometimesiot occupied The energy saving increasewith the time between two
occupancies- the longer a room is not occupied, the more energy can be saved.
Simulations illustratd that negativeenergy savingsfor a time period between two
occupancie®f lessthan four hoursare causedby the controlles’ tolerance bandwith
an ideal controller without any tolerance band,negatie energy savingsccur If there

is one event with a duration of one hour, #mergysaving with thecontrollerused in
our experimentss still 29 % (4.3 kVh) for an observation period of 10.5 hours.
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