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Abstract:Theenergyconsumptionofairconditioninginresidentialbuildingsisdeterminedmainlybythe
occupants.Thekeytopredicttheenergyconsumptionofroomairconditioningistounderstandhow
occupantscontroltheirroomairconditioners.AlthoughtheAmericanSocietyofHeating,Refrigerating,

andAir-ConditioningEngineersrecommendsauniformoccupancyschedule,occupantsbehaviorpatterns
varybyregionandtime.Basedonactualmonitoringdataobtainedduring2016-06-01-2016-08-31,factors
affectingtheenergyconsumptionoftheroomairconditionersuchasthetemperaturesettingandthedaily/

hourlyusageratewerestatisticallyanalyzed,aswellasthebehavioralpatternofairconditioningusagein
relationtothedailymeanoutdoortemperature.Theresultshowedthatoccupantshavealowtoleranceto
heatindoorsandarelikelytousetheairconditionerevenwhentheoutdoortemperatureislow.Thenthe
resultsoftheoptimizedenergyconsumptionsimulationmodelbasedonthetraditionalsimulationmodeland
theenergyconsumptionpredictionmodelwerecomparedwiththemeasuredenergyconsumption.The
resultsoftheoptimizedenergyconsumptionsimulationmodelthatadoptedthedailyusagerateandthe
energyconsumptionpredictionmodelbasedonthetemperaturesettingoftheairconditioner,theoutdoor
dailymeantemperature,andthelengthofdailyoperatingtimewasclosertothemeasuredvaluethanthe
traditionalenergyconsumptionsimulationmodel.
Keywords:airconditioner;usagerate;settemperature;energyconsumption;predictionmodel

基于房间空调器使用率与设置温度
监控数据的能耗预测模型
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摘 要:住宅建筑中空调能耗极大程度上受到人员行为的影响,对空调能耗进行预测的关键在于准



确预测人如何调节空调。虽然ASHRAE以及其他一些导则建议了人员在室时刻表用于建筑能耗

评估,但人员使用空调的行为存在地区差异并随时间变化。基于实时监测获得的2016-06-01—
2016-08-31的大量数据,统计分析夏季卧室与客厅房间空调器能耗的人员行为因素,主要包括房间

空调器的设定温度、空调使用率等。基于统计分析,探究了空调使用率与室外日平均温度的关系,
结果表明,两者呈“L型曲线”关系,说明该人群对空调依赖较高,当室外温度处于较低水平时,仍有

部分居民使用空调。基于空调使用率建立优化的能耗模拟模型,基于设置温度、室外日平均温度、
运行时长等建立能耗预测模型。验证结果表明,基于使用率模式为“L型曲线”的能耗模拟模型以

及结合设置温度等的能耗预测模型比传统空调使用模式的模拟结果更接近实测值。
关键词:空调器;使用率;设置温度;能耗;预测模型
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1 Introduction

Building energy consumption accounts for

approximately40% ofglobalenergyconsumption[1].

Toreducebuildingenergyconsumption,inChina,

buildingenergy standardsareimplementedfor

residentialbuildings[2].Itisimportanttopredict

theresidentialenergyconsumptionthroughknown
informationintheabsenceofmeasuredvaluesin
thedesignphase,butitischallengingtodevelop
reliablemodelsfortheprediction.Recentstudies
havehighlightedthedisparitybetweenpredicted

and measured energy consumption [3-4]. For

example,itisreportedthatthemeasuredvalueis

about70%higherthansimulatedresults[5].

Foranaccurateprediction,itisnecessaryto
establishwhatfactorscontributetotheresidential
energy consumption. Apart from physical
characteristicssuchasclimate,performanceofthe
envelope,andsizeofthehouse,occupantbehavior

is also critical [6]. Many recent studies

investigatingtherelationship between occupant
behaviorandairconditioningenergyconsumption
havefoundthesignificantfactorsaffectingroomair

conditioningenergyconsumption.Beköetal [7]

concludedthattheheatingsetpointbehaviorof
occupantsplaysanimportantpartindetermining
theenergyconsumptioninDanishdwellings.Jang
etal [8]foundthatoccupantsgeneraldailyheating

periods(25% deviation)werebetweenthreeand

eighthours,withtemperaturessetatbetween
17℃and20℃inatotalof96apartmentblocksin
Seoul.Otherstudieshaveanalyzedairconditioner

usageinrelationshiptoclimatechange [9-10].We

analyzedthetemperaturesettingoftheroomair
conditioner,theoutdoordailymeantemperature,

androom airconditionerusageutilizingalarge
amountofmeasureddata,whichismoreaccurate

than participantsself-recording[11].In previous

studies,dataonroomairconditionerusagewas
obtainedmostlybyinvestigation,andhadasmall

samplesize [12].Andsimulationsarenotvery
accuratebecauseofthestandardizationofroomair
conditioner usage. Fig. 1 shows current
approachestomeasuringtheenergyconsumptionof

roomairconditioners [13-14].Anair-conditioning
usage model was set up connecting occupant
behaviorwiththemeanoutdoorairtemperature

through the use of logistic regression [15].

However,thedrivingfactorsweremixedintoa
blackboxregressionmodelthatlackedexplanatory
powerfortheoccupantbehaviorand model.A
stochastic Markov model was applied in air-
conditioningusagebasedontheprobabilitiesof
operation,whereonlyonefactor wasincluded

ignoringotherfactors [16].A better modelis

needed.Wedeveloped an optimizedsimulation
modelandaninterpretablephysicalmeaninglinear
regressionmodeltopredictthedailymeanenergy
consumptionoftheroom airconditioner.The
optimized simulation model uses logarithmic
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regressioncombiningthetraditionalsimulationand
theroomairconditionerusagerateinconnection
withtheoutdoordaily meantemperature.The
energyconsumptionprediction modeluseslinear

regressionbasedontheoreticalanalysis,whichhas
explanatorypowerforphysicalmeaningaccording
totheheattransferexpressionofcondenserand
evaporator.

Fig.1 Summaryclassificationofbuildingenergyconsumption

modelingandforecastingmethods
 

2 Method

2.1 Thesamples
1990room airconditioners wererandomly

selectedfromsamplesthatwereactuallymonitored
from June 1,2016 to August 31,2016 in
Chongqing.Accordingtothedifferenceinheating/

coolingloadbetweenthebedroomandtheliving
room,roomairconditionerswitharatedcooling
capacityoflessthan5kWaregenerallyplacedin
thebedroom,andmorepowerfulonesaregenerally
placedinthelivingroom.Therefore,72%ofthe
sampleswereinthebedroomand28% wereinthe
livingroom.Onlythelargestclassofsampleswith
similarcharacteristicsobtainedbyclusteringwere
analyzedandpredicted,resultinginasamplesize
of170roomairconditionersinthelivingroomand
490roomairconditionersinthebedroom.Inorder
toensurethereliabilityofthepredictionmodel,10
roomairconditionersinthelivingroomand30
roomairconditionersinthebedroom,whichdid
not participate in the establishment of the

predictionmodel,wererandomlyselectedfromthe
typicalsamplestoverifythereliability.

Themonitoringdataoftheoperationofroom
airconditionersbyoccupantsincludedthedaily
lengthoftimetheroomairconditionerwasrun
underdifferentconditions,suchasthetemperature
settingfrom16℃to30℃,thewindspeedmodes,

theusagemodesandsoon.Wefoundthatthe
significantfactors affecting the airconditioner
energyconsumptionweretheamountoftimethe
airconditionerwasused,thetemperaturesetting
ofthe air conditioner,the occupant behavior

patternofswitchingitOn/Off[17].Therefore,the
temperaturesettingandthedailyusagerateofthe
roomairconditionerswerestatisticallyanalyzed.

We considered June 1 to August 31 as
summer,astheaveragetemperatureinChongqing
inJune,Julyand Augustisabove25 ℃.The
statisticaltermsinvolvedaredefinedasfollows.

The outdoor daily mean temperature was
obtainedbycalculatingthearithmeticmeanofthe
observationsatfourtimes:02:00,08:00,14:00,

and20:00[18].
Theaverageoperatingtimeatthesetpointof

ts(℃)ofroomairconditionersinthebedroom/

livingroomduringsummercanbedefinedas
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H =hts
nts

(1)

wherehtsisthetotaloperatingtimeoftheair
conditioneratthesetpointofts (℃)inthe
bedroom/livingroomduringsummerandntsisthe
totalnumberofairconditionersoperatingattheset

pointofts(℃)inthebedroom/livingroomduring
summer.

Thedailyusagerateinthebedroom/living
roomduringsummercanbedefinedas

R=md

N
(2)

wheremdisthenumberofroomairconditioners
operatingonadayduringsummerinthebedroom/

livingroomandNisthenumberofairconditioners
in the bedroom/living room. The room air
conditionerisconsideredtobeinoperationonly
whenitrunsformorethan10minutes.

Thehourlyusagerateofroomairconditioners
onworkdays/holidaysinthebedroom/livingroom
canbedefinedas

Rh,a=mh,a

N
(3)

wheremh,aistheaveragenumberofroom air
conditioners operating at “a”oclock during
summeron workdays/holidaysinthebedroom/

livingroomandNisthenumberofairconditioners
inthebedroom/livingroom.
2.1.1 Temperaturesettingoftheroomairconditioner

The temperature setting of room air
conditionersisthe mainfactoraffectingenergy
consumption,whichisaffectedbytheoutdoor
environment,theoccupantsthermalsensationand
energysavingawareness.Fig.2showstheaverage
numberofoperatinghoursateachtemperature
settinginsummer.Comparedwiththebedroom,

occupantstendtosetalowertemperatureinthe
livingroombecausetherearemoreoccupantsand
facilitiesinthelivingroom withgreateractivity
intensity.Therunning time ofthe room air
conditionerinthebedroomislongerthaninthe
livingroom.Overall,26 ℃isthemostpopular
temperaturesetting,andtherunningtimeatlow

temperaturesettings(16~20℃)isshorterthanat
otherothertemperaturesettings.

Fig.2 Operatinghoursateachtemperaturesetting
 

2.1.2 Outdoordailymeantemperatureanddaily
usagerateoftheroomairconditioner

Fig.3showsthedailyusagerateofroomair
conditionersinthebedroomandthelivingroom
varieswiththeoutdoordailymeantemperature.
Thedailyusagerateoftheroomairconditionerin
thebedroomisslightlyhigherthanthatinthe
livingroom.Thedailyusagerateofroom air
conditionersfluctuatesbetween5%and70%,and
thedailyusageratepeakvalueoccurswhenthe
averageintervalis10~20days.Besides,the
fluctuationlawofthedailyusagerateiscloseto
theoutdoordaily meantemperature.Thedaily
usagerateofroom airconditionersinJuneis
relativelylowataround20%,whileitiscloseto
50% inJulyand August,whichisrelatedto
changes in weather. The average outdoor
temperatureinJuneisrelativelylowataround26
℃,whileitincreasesto31℃inJulyandAugust,

whichisbetween22℃and37℃insummer.

Fig.3 Outdoordailymeantemperatureanddailyusagerate

ofroomairconditioners
 

2.1.3 Hourlyusagerateoftheroomairconditioner
Figs.4and5showthehourlyusagerateof

roomairconditionersonworkdaysandholidaysin
thebedroom andlivingroom,whichfluctuates
between3% and30%.Thehourlyusagerateof
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roomairconditionersinthebedroomonworkdays
rangesfrom12%to28%between20:00and7:00,

andon holidaysitrangesfrom 10% to22%
between20:00and8:00andbetween13:00and
16:00.Differentfromthechangeinthebedroom,

inthelivingroom,theusagerateonworkdays
rangesfrom 10% to26% between11:00and
24:00.Andthehourlyusagerateofroom air
conditionersinthelivingroomonholidaysranges
from12%to20%between11:00and23:00.The
resultsshowthattheroomairconditionerinthe
livingroomismainlyusedintheafternoonand
before midnight,whilethatinthebedroomis
mostlyusedatnight.Anditcanalsobeseenthat
theusagerateatnight(18:00-6:00)onworkdays
issignificantlyhigherthanthatonholidays,which
isrelatedtothetravelactivitiesoftheoccupants.

Fig.4 Hourlyusagerateofroomairconditioners

inthebedroom
 

Fig.5 Hourlyusagerateofroomairconditioners

inthelivingroom
 

2.2 Simulationparameters
The software DeST-h, which selects the

commonhousetypeasthesimulationobjectinthe

previoussurveyshowninFig.6,wasappliedfor
theenergyconsumptionsimulation.Thesimulated
objectwasa6-storey,2.8-meter-high,north-south
orientedplateresidentialbuilding,andthearea
(m2)ofeachroom wasshowninfig.6.The
window-to-wallratioofthenorth-southdirection

was0.4.Accordingto Design Standardson
ResidentialBuildingEnergySaving65% (Green
Buildings)(DBJ50-071-2016),theheattransfer
coefficientsoftheexternalwall,exteriorwindow,

interiorwall(floor)androofwere1.0,2.8,2.0
and0.8W/(m2·K),respectively.

Fig.6 Thesimulatedbuildingplan
 

Thesimulatedoperatingscheduleofroomair
conditionersinthebedroomandlivingroom on
workdaysand holidaysshownin Figs.7 was
determinedbytherelativevalueofthehourlyair-
conditioningusagerateshowninFigs.4and5,

whichisdifferentbetweenworkdaysandholidays
becausetheoccupantsmaybeabsentfromtheroom
foratriponholidays.ThegrayboxshowninFig.
7meanstheroomairconditionerisoperating.

Fig.7 Simulatedoperatingscheduleofroomairconditionersin

thebedroomandthelivingroomonworkdaysandholidays
 

3 Resultsanddiscussion

3.1 Regressionanalysisofthedailyusagerate
Fig.8showstheusagerateofroom air

conditionersrelativetotheoutdoordaily mean
temperature.Sincetheroomairconditionersare
mainlyusedatnightandatnoon,theoutdoordaily
meantemperaturecanbetterrepresenttheoverall
outdoor temperature. Therefore,a regression
modelofthedailyusagerateisconstructedbythe
outdoordailymeantemperature.Thelogarithmic
regressionanalysisofthedailyusagerate(R)of
theroomairconditionerandtheoutdoordailymean
airtemperaturetW(℃)indicatedthat:R (inthe
bedroom)=1.1927ln(tW)-3.6106,R2=0.79;
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R(inthelivingroom)=1.4122ln(tW)-4.3777,

R2=0.86.ByconductingFtest,thesig≪0.01,

indicatingasignificantcorrelationbetweenthese
factors.The “L-curve”betweenthedailyusage
rateandtheoutdoordailymeantemperatureshows
thatoccupantshavealowtoleranceforawarm
indoorenvironmentand arelikely to use air
conditionersevenwhentheoutdoortemperatureis
low.Whentheoutdoortemperatureislow (20~
25℃),10%~30%oftheroomairconditionersin
thelivingroomand5% ~50% oftheroomair
conditionersinthebedroomarestillon.

Fig.8 Dailyusagerateofroomairconditionersand

outdoordailytemperaturescatterplot

forbedroomandlivingroom
 

3.2 Optimizedenergyconsumptionsimulationmodel
Thetraditionalsimulation methodbasedon

the standardized room air conditioner usage
schedule usually results in a large deviation

betweenthesimulationresultsandthemeasured
results.Thus,wetookthestatisticalparameter

informationshowninFigs.3and7astheinput
conditionofthesimulationsoftwareDeST-h.The

temperaturesettinginthesimulationmodelwas26
℃,the one used longest by the occupants.

Accordingtotheratedenergyefficiencygradeof
airconditionersinTheMinimumAllowableValue
oftheEnergyEfficiencyandEnergyEfficiency
GradesforRoomAirConditioners,(GB12021.3-
2010)theEnergyEfficiencyRating(EER)ofroom
airconditionersinthelivingroomandthebedroom

isassumedtobe3.2and3.4.Therefore,the
traditionalsimulateddailyenergyconsumptionof
roomairconditionerscanbecalculatedasfollows.

Edaily =∑
23

0
(L/EER) (4)

whereL isthe hourly simulated coolingload
(kWh)andEdailypresentsthetraditionalsimulated
dailyenergyconsumptionofroomairconditioners
(kWh).Thentheoptimizedsimulateddailyenergy
consumptionofroom airconditionerscombined
withthedailyusagerateisexpressedasfollows.

ES =Edaily×R (5)

whereR isthe daily usagerate ofroom air
conditionerspredictedbytheoutdoordailymean
temperatureandES presentsthesimulateddaily
energy consumption of room air conditioners
optimizedbythedailyusagerate.

Figs.9 and 10 show the optimized and
traditionalsimulateddailyenergyconsumptionof
roomairconditionersinthebedroom/livingroom,

indicatingthatthe optimized simulation model

prediction shows better agreement with the
measuredresultsthanthetraditionalsimulation
model. The deviation between the optimized
simulatedaveragedailyenergyconsumptionofthe
roomairconditionerandthe measuredvalueis
mainlywithin0.5kWh.Forthebedroom,82%of
therelativedeviationoftheoptimizedsimulated
valueislessthan50%,whileapproximately70%
oftherelativedeviationofthetraditionalsimulated
valueisabove100%.Similarly,fortheliving
room,57% of the relative deviation of the
optimizedsimulateddailyenergyconsumptionof
room air conditioners is within 50%, while
approximately70%oftherelativedeviationofthe
traditionalsimulatedvalueisabove100%.

Fig.9 Predictionofdailyenergyconsumptioninthebedroom
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Fig.10 Predictionofdailyenergyconsumptionin

thelivingroom
 

3.3 Predictionmodelofenergyconsumptionbased
ontemperaturesetting
The room air conditioner is a vapor

compressionrefrigerationsystem,therefore,the

coolingcapacityQ0,theinputpowerP,andthe

heatdischargedfromthecondenserQkaremainly
relatedtotheevaporationtemperatureT0(K)and

thecondensationtemperatureTk(K)shownas

follows[19].

P =QK-Q0 =f(T0,TK) (6)

QK =FRKCAC(TK-TW1)≈a(TK-TW)(7)

Q0 =F0K0A0(Tm1-T0)≈b(Ts-T0) (8)

  Here,themeaningofFR,F0,KC,K0,AC,

A0shouldrefertoCoolingand Heating Source

Engineering[19]andTw1(K)isthecoolant(air)

inlettemperature,Tm1(K)istheinletairwetbulb

temperatureoftheevaporatorandTs(K)presents

thedailymeantemperaturesettingweightedbythe

operatingduration.FRKCAC,F0K0A0areassumed

to be the constant “a”and “b”. TW1 is

approximatelyreplacedbytheoutdoordailymean

temperatureTwandTm1isapproximatelyreplaced

bythetemperaturesettingTs.

Accordingtothecalculationexpressionofthe
airconditioningsystem performancecoefficient,

Equation(9)canbeobtainedfromEquations(7)

and(8).

T0

TK
=Q0

QK
= b(Ts-T0)

a(TK-TW)
(9)

  Itcanbeseenthatwhentheevaporating
temperatureandcondensingtemperaturechange
little,theairconditioningperformanceisaffected
bythetemperaturesettingandtheoutdoordaily
meantemperature.

Thus,EER'≈Q×h
Ea

∝ Ts

Tw-Ts
,then

Ea∝ Tw-Ts

Ts+273
æ

è
ç

ö

ø
÷×Q×h (10)

whereEa (kWh)istheactualmonitoreddaily
energyconsumptionofanairconditioner,Q(kW)

represents the air conditioner rated cooling
capacity,andh(h)meansthedailyoperatingtime
ofanairconditioner.

BasedonEquation(10),weconstructedthe
dailyenergyconsumptionpredictionmodelofroom
airconditionersinthebedroomandthelivingroom

bytakingtw,Q,handtsaspredictivevariables.
Thelinearregressionanalysisofthedailyenergy
consumptionEaoftheroomairconditionerandTs

(℃),Tw(℃),Q (kW),h(h)indicatedthat

Ea(inbedroom)=4.0515× tw-ts
ts+273 ×Q×

h+1.0863,R2 =0.501 (11)

Ea(inlivingroom)=3.060× tw-ts
ts+273 ×Q×

h+1.1915,R2 =0.533 (12)

  Byconducting Ftest,thesig ≪0.01,

indicatingasignificantlinearcorrelationbetween
thesefactors.

Figs.9and10showtheaveragedailypredicted
energyconsumptionofthesamplestobeverified,

whichindicatesthattheaccuracyoftheprediction
modelbasedonequations(11)and(12)iscloseto
theoptimizedsimulationmodelmentionedin3.2,

andbothare moreaccuratethanthetraditional
simulationmodel.Forthebedroom,thedeviation
between the predicted average daily energy
consumptionoftheroomairconditionerandthe
measuredvalueismainlywithin0.5kWh,and
60%oftherelativedeviationofthepredictedvalue
is within 50% and only 29% oftherelative
deviationismorethan100%.Similarly,forthe
livingroom,thedeviationbetween90% ofthe

predictedaveragedailyenergyconsumptionofthe
roomairconditionerandthe measuredvalueis
within0.5kWh,and63%oftherelativedeviation
ofthepredictedvalueiswithin50%,andonly21%
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oftherelativedeviationismorethan100%.

4 Conclusion

Recentstudieshavehighlightedthedisparity
between predicted and measured energy
consumption caused by failure to consider
occupants behavior and the models lack of
explanatorypower.Therefore,thepresentstudy
hasproposedtwopredictionmodelsbasedonthe
monitoreddailyenergyconsumptionofroomair
conditionersinthebedroomandthelivingroom.

Oneofthe prediction modelsisan optimized
simulation model created by combining the
traditionalsimulation modelandtheroom air
conditionerusageratein connection with the

outdoordailymeantemperature.Theotherenergy
consumptionprediction modelwasdevelopedby
linearregressionbasedonthetheoreticalanalysis

ofthetemperaturesetting,outdoordaily mean
temperature,andlengthofdailyoperatingtime,

whichhaveexplanatory powerforthe models

physicalmeaning.Theresultsshowthatthetwo

prediction models,the accuracy of which are
comparable,aremoreaccuratethanthetraditional
energyconsumptionsimulationmodel.

Thefollowingconclusionscouldalsobedrawn
fromthisstudy:

1) The deviation between the predicted
averagedailyenergyconsumptionoftheroomair

conditionerandthemeasuredvalueismainlywithin
0.5kWh,and57%~82%oftherelativedeviation
ofthepredictedvalueiswithin50%.

2)Thestatisticalanalysesofthetemperature
settingandthe daily usagerate ofroom air
conditionersshowthatoccupantstendtosetthe
temperatureat26 ℃ andoccupantshavealow

toleranceforindoorwarmthsincethedailyusage
rateandtheoutdoordailymeantemperaturemeet
an“L-curve”.

Thetwopredictionmodelsareonlyapplicable

to room air conditioners with similar
characteristics,but the method applied in

establishingthemodelshasreferencesignificance
fortheenergypredictionofroomairconditioners.
Weanalyzedonlythesummerworkingconditions
ofroomairconditionersduetothedirthofsamples
in winter,whichisrelatedtothediversityof
heatingmodesinChongqing,butthemethodcan
alsobeappliedtobuildtheenergypredictionmodel
oftheroomairconditionerinwinter.
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