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SUMMARY

The Bonneville Power Administration (Bonneville) began the Fnd-Use Load

and Consumer Assessment Program (ELCAP) in 1983. Prior to beginning ELCAP,

there was an abundance of information regarding total power consumption for

residential structures in the Pacific Northwest (such as that found on billing

records) and limited information regarding power consumption by various end

uses (such as hot water, heating, and cooling). The purpose of ELCAPis to
i

collect actual end-use load data from both residential and commercial buildings

in the region.
I

ELCAPhas recorded hourly internal temperature data along with energy

end-use data for over 400 single-family, electrically heated homes in the

Northwest. This database allows determination of actual temperatures and

temperature patterns and, therefore, a better understanding of occupant

behavior related to thermostat control. The internal temperature maintained

by the occupant is of major importance because of the impact on residential

heating loads, which account for 104 of all Northwest electrical energy

consumption (Northwest Power Planning Council 1986).

This paper examines the internal temperature of residences in two

regards. First, the aggregate average temperatures and temperature profiles

are presented, with an emphasis placed on the heating season. Second0the

thermostat control behavior implied by the temperatures is examined. For

this second stage, an hourly pattern recognition algorithm which detects

significant temperature changes (i.e., setbacks, setups) was developed. This

algorithm allowed each residential site to be classified based on its

thermostat control behavior

The key findings in this reportare as follows:

• The averagewinter temperatureis 20.2°C (68.4°F)in the Northwest.
Temperaturesare significantlylower in the nighttimeduringthe

, winter period.

• There is strong evidence that residentskeep differentparts of
their homes at differenttemperatures. Bedroomsappearto be about
2°C (3.8°F)colder than the main livingspace, basementsabout 6°C

iii

lr,_,,_,ii



(10.8°F)colder. This observationshouldbe furtherinvestigated,but
could have significantimpact on aRsessmentsof conservationimpacts.
All other key findingsare for temperaturesin main living spaces.

i

• Clock thermostatsdo llotsignificantlyincreasethe incidenceof
thermostatsetbackbehavior. They do make the behaviormore regular.
Residenceswith clock thermostatsdo have lower averagetemperatures,
however,they averagedonly about I/2°C (39,2°F)less than those
with manualthermostats. The conservationimpactof clock
thermostatswill be significantlyoverestimatedif the occupants'
behavior is presumedto change from not setting back to setting
back, with the installationof a clock thermostat.

• Reportedthermostatset points collectedfrom a written survey are
. generallyinaccurate.Reported nighttimesetback temperaturesare •
: often much lower than the minimumtemperaturesactuallyachieved.

• Althoughthere is a wide range of behavior,starts of thermostat
setbacksare most common at 10 p.m. Starts of thermostatsetups
are most common at 6 a.m. The averagesetbackis about 4°C (39.2°F).

• Behavior relatingto thermostatcontrolcan often be seemingly
erraticand may not conformto simplifiedassumptions. The
thermostatcontrolbehaviorof individualoccupantsvaries

' significantlyfrom day-to-day.

• The constantdaily temperaturepattern (no significanttemperature
change during the day) is the mostcommon patternfor ail heating
seasondata and occursabout 404 of all days with heating. Night
setbacksand morningsetups are the secondmost common pattern.

• During the winter, daily thermostatsetbackand setup occurs about
one-halfof all days for residencesin the aggregate°

• Occupantsof residencesare not easilycategorizedin terms of
setbackbehaviorbut, instead,displaya fairly constant
distribution,from residencesnever settingback to alwayssetting
back thermostats. Actual thermostatset points vary over a
considerablerange from residenceto residence. Becauseof the
variationin behavior,both within and acrossresidences,the
measured temperaturedata are dissimilarto common assumptionsabout
internaltemperaturepatternsused in simulations.

• The daily temperaturepatternanalyses suggeststhree reasonable
approachesvaryingin complexityfor heatingseason temperature
schedulesin simulations.

I. If a constanttemperatureis needed,20°C (68°F)is
recommended.
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2. If the model allowsa setback,a daytimetemperatureof 20.5°C
(69°F) and a setbackto 19°C (66°F)from 10 p.m. to 6 a.m. is_
recommended.

3. Take the averageof a simulationwith.aconstant20.5°C (69°F)
_setpoint,and a simulationwith a daytimetemperatureof 20.5°C
(69°F) and a setbackto 160C (61°F)from 10 p.m. to 6 a.m.
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1.0 INTRODUCTION

Building interiortemperatureis one.ofthe major driving forcesof energy

use. Steady'stateheat transferfor a buildingis a functionof the

temperaturedifferencebetweeninside and outsideair, along with the

conductanceof the buildingshell. Changes of only a few degrees in interior

temperaturescan significantlyaffect energy use in buildings. This report

examines the internaltemperaturescollectedfrom a large set of residences

in the PacificNorthwestfor the BonnevillePower Administration(Bonneville)

by PacificNorthwestLaboratory(PNL)(a).t

While measurementsof outdoortemperaturesfor metropolitanareas are

commonlyavailable,measurenlentsof indoor temperaturein a substantialnumber

of residential(or commercial)buildingsare generallynot available. However,

three large programs sponsoredby Bonnevillenow provide a large dataset.

The ResidentialStandardsDemonstrationProgram (RSDP) (Drostet al. 1986)

measured the interiortemperaturesof about 800 buildingsat approximateweekly

intervals. About 300 homes were end-usemetered and data were collectedat

15-min intervalsin the Hood River ConservationProject (HRCP) (Dinanand

Trumble 1989) in Hood River, Oregon. The End-UseLoad and ConsumerAssessment

Program (ELCAP)measured interiortemperaturesin about 400 buildings,

includinga subset of the RSDP buildings. The data analyzedin this report

are principallydata collectedfrom the ELCAP project.

An importantpotentialapplicationof internaltemperaturedata is in

the use of buildingenergy simulations,which are often used to projectthe

consequencesof proposedenergy conservationmeasures. Accurate thermostat

set points and/or schedulesare needed in simulationmodels to obtain

reasonableestimatesof energyusage. Whetherintended or not, the simulation

models,either explicitlyor implicitly,includea model of building occupant

behavior. Simpler simulationsoften presumea constantthermostatset point

' (althoughnot explicitlystated). More complexsimulationsassume interior

(a) Pacific.NorthwestLaboratory(PNL) is operatedby BattelleMemorial
Institute(BMI)for the U.S.Department of Energy (DOE) under Contract
DE-ACO6-76RLO1830.
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temperatureset points,which often includetemperaturesetbacks. Because

informationon thermostatbehavioris not generallyavailable,the choices

for these simulationsare usuallybased on limiteddata from estimates

. especiallywhere the definitionof thermostatsetbacktiming is concerned.

' Measured temperaturedata allowsdata supporteddefinitionsof typical

thermostatschedulesfor interiortemperatures. Severalstandardsets of

thermostatschedule assumptionsare suggestedin Section3.0.

ThermOstatschedulesare commonlyassumedto be very simple and

straightforward. However,the experiencegained from the ELCAP project has

highlightedthe importanceof the occupants, Occupantsand their behavior

are major determinatesof energyuse in buildings. As has been demonstrated

by the ELCAP data, there is a major variationin the range of behaviorseen

for individualbuildingOccupants.

This report is dividedinto two parts. Section2.0 exploresthe measuredq

internaltemperaturesin residences,and Section3.0 examinesthe thermostat

controlbehaviorthat, in largepart, determinesthe measuredinternal

temperatures. Section2.0 presentsaggregateinternaltemperatures,including

mean and mean diurnaltemperatureprofiles. Section3.0 exploresthe

thermostatcontrol behavior,which is deducedfrom a site-by-site,hourly

analysis of the heatingseason temperaturedata. Recommendedthermostat

schedulesfor use in simulationsare a productof the behavioranalysis.

1.2
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2.0 INTERIORTEMPERATURES
',

The ELCAPproject has collected data for energy end uses, internal

temperature, and meteorological variables from a large number of homes over
,

several heating seasons. A monitoring device, referred to as a logger, has

been installed in each of the houses With data sent via telephone line to a

computer at PNL. Data are collected and_averaged to an hourly value. As

. part of this data collection, each ELCAPBase Sample house has one temperature

sensor installed, with the RSDPsample homes having either two or three

sensors. Each site has had a limited visual inspection of a few days worth of

temperature data as a reasonableness check, and an automated range check of
al I data.

The data used in this report were collected within the period of August

1984 through June 1988. The datawere collected from temperature sensors

located in the main conditioned living area of each house. Temperature sensors

are typically located in the living room but, depending on the configuration

of the residence, can be in any of a number of rooms such as the dining room,

kitchen, or hallway. The installers who put in the temperature sensors were

instructed to put the sensors away from any major heat source.

The ELCAPBase Sample was chosen to represent a cross-section of single-

family, detached, electrically heated residences in the Pacific No_'thwest.

For this reason, the analysis used only the ELCAPBase Sample with one

exception: the analysis of variations in temperatures within the house by

room or zone. The RSDPsample was used because it had multiple temperature
measurements for each home.

Depending on a number of factors, each ELCAPsite has a different amour,t

of data including when the metering was started. The required amount of data

for inclusion in this study varied depending on the aggregation level in

question, such as the monthly, yearly, or hourly profile. Typically, a minimum

of 904 of the period is required to meet metering qualifications for the

analysis. For example, the annual temperature averages for each site required

a minimum of 904 of a year. Each of the graphics in this report contains the

number of sites used in the captionbelow the figure.
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There is a significantuse of wood stovesfor space heating in the Pacific

i Northwest. Sites with monitoredwood stoves (LeBaron1988) that are known
to have had significantwood-stoveuse were left out of the analysis. The

I primary reason for eliminatingsites using wood stoves is that the internal

wood stove temperatureis not easily controlledwhen the wood stove is in uset

I and, therefore,may not reflectthe desiresof the occupants. As woou stoves

are not governed by a thermostat,they may overheatthe room in which they

are located. Furthermore,wood stoves rely on naturalconvectionto

distributeheat, which is not as effectiveas the distributionof most heating,

ventilating,and air conditioning(HVAC)systemsand, therefore,may not be

effectivein heatingmany rooms in the house. Becauseof the difficulties

, and uniquenessof sites with wood-stoveuse, all monitoredwood-stovesites

that averagedmore than 20 hours of use a month on a year-roundbasis were

removed. This decreasedthe sample size from 289 to 206, or a total of about

400 site-yearsworth of data.

2oi AVERAGE INTERIORTEMPERATURESAND 24-HOURPROFILES

Average interiortemperaturesare shown in Table 2.1 for annual,winter,

and summer periods. Winter,or the heating season,is defined as November

throughMarch. Winter is presumedto bethe range of months when most of the

ELCAP-monitoredhomes are usually in the heatingmode. Summer is definedas

June throughAugust. These averagedtemperaturesshow a clear differenceof

about 3.2°C (5.8°F)between summer and winter periods.

The ELCAP-averagewinter temperatureswere lower than HRCP-monitored

temperatures(Dinanand Trumble 1989). For both the pre- and post-retrofit

stages of HRCP, the temperaturesaveragedroughly22°C (71.6°F)for November

through February. For homes with electricityas the sole heatingfuel, the

TABLE 2.1. Average InteriorTemperatures
e

Average Standard
Season °C (_F) Deviation, _C (_F)

Annual 214 (70.5) 1.8 (3.2)

Winter 20°2 (68.4) 2.4 (4.3)

Summer 23.4 (74.2) 1.9 (3.4)

2.2
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HRCP-averaged temperatures were lower, about 20.5°C (70.5°F), but were above

the ELCAPtemperatures, lt should be noted that the HRCPresidences were i

not selected to represent the region, they were a sample selected from a large

weatherization program primarily in one city (Hood River, Oregon).

Figure 2,1 displays the monthly temperature distributions for ELCAPBase

sites. The middle line of each box represent the median and the top and

bottom of each box represents the upper and lower quartiles. The median

. temperatures start at 20.3°C (68.5°F) in January, increase steadily to a peak

in August, and drop off sharply in September and October. Ranges for the

. monthly temperatures from the upper to lower quartile, or the middle 504 of

sites, are about 2°C to 3°C (3.6°F to 5.40F). The range of the extreme high

and low average temperatures by site vary significantly, about IO°C to 20°C

(18°F to 36°F). This figure demonstrates the variation present in real data;

in this case, a wide range of actual temperatures across sites. Note that in

a sample of 148 residences, as displayed in Figure 2.1, there is a high

likelihood that some of the outlying points may be caused by vacancies (with

little or no heating or cooling) during the months.
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FIGURE2.1 Monthly Temperature Distributions of 148 ELCAPSites
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Histogramsof averagewinter and summer temperaturesby site are

displayed in Figures 2.2 and 2.3. The heightof each bar representsthe number

of sites having averagetemperaturesin the range specifiedon the horizontal

line. In Figure 2.2 most winteraveragetemperatures fall inthe range of

18°C to 23°C (64.4°Fto 73.4°F). As seen in Figure 2.3, summer temperatures

are typicallyin the range of 21°C to 26°C (70°Fto 78.8°F). These figures

. indicatethat for both heating andcooling, the common range of average

temperaturesacross sites appearsto be about 5°C (9°F),though some sites

fall beyond this range.

Figure 2.4 displaysthe average daily profiles for 4 months of the year

along with the yearly averageprofile. January, April, July, and October

representthe four seasons. Temperaturesfor other months will fall between

the extremes seen here. January is coldestwith the 2 swing months; April

and October are very similariritemperature;and July is far warmer than the

other months. The maximum daily temperatureoccurs at 8 p.m. for all months.

The mir,imum daily temperatureis at 6 a.m.for all months except July, which

has a low at 7 a.m. To allow the calculationof temperaturesfor any daily

time period,the temPeraturedata in Figure2.4 for the annual,January, and

J_ly periods are reproducedin Table 2.2.
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TABLE 2.2. SeasonalTemperatureProfiles
i

AverageTemperaturei,_°C (°F)
Hour of Day Annual January__ July

I a.m. 21.5 (70.6) 19.9 (67.9) 23.7 (74.6)

2 a.m. 21.1 (70.1) 19.6 (67.3) 23.4 (74.1)

3 a.m. 20.8 (69.5) 19.4 ((_6.9) 23.0 (73.5)

4 a.m. 20.6 (69.0) 19.2 (66.5) 22./ (72.9)

5 a.m. 20.3 (68.6) 18.9 (66.1) 22.4 (72.3)

6 a.m. 20.1 (68.2) 18.9 (66.0) 22.1 (71.7)

7 a.m. 20.1 (68.2) 19.1 (66.4) 21.9 (71.3)

8 a.m. 20.3 (68..5) 19.4 (66.9) 21.9 (71.4)

9 a.m. 20.5 (68.9) 19.6 (67.3) 22.0 (71.6)

i0 a.m. 20 7 (69.2) 19.8 (67.6) 22.2 (71.9)

II a.m. 20°9 (69.6) 20.0 (68.0) 22°4 (72.4)

Noon 21.1 (70.0) 20.1 (68.2) 22.7 (72.9)

I p.m. 21.3 (70.3) 20.2 (68.4) 22.9 (73 3)

2 p.m. 21.5 (70 7) 20.4 (68.6) 23.3 (74.0)

3 p.m. 21.7 (71ol) 20.4 (68.7) 23°7 (74.6)

4 p.m. 22.0 (71.5) 20.5 (68.9) 24.0 (75.3)

5 p.m. 22.1 (71.8) 20.5 (68.9) 24.3 (75.8)

6 p.m. 22.3 (72.1) 20.6 (69.1) 24.6 (76.3)

7 p.m. 22.4 (72.4) 20.8 (69.4) 24.8 (76_6)

8 p.m. 22.5 (72.5) 20.9 (69.6) 24.9 (76.7)

9 p.m. 22°4 (72.3) 20.8 (69.5) 24.6 (76.3)

i0 p.m. 22.3 (72.1.) 20.8 (69.5) 24.4 (75.9)

II p.m. 22.1 (71.7) 20.6 (69.1) 24.2 (75.5)

Midnight 21.8 (71.2) 20.2 (68.4) 23.9 (75.0)

To allow a direct comparison of the profile shapes, the curves have been

replotted in Figure 2.5 with the mean temperature for each profile adjusted to
m

O. The January profile is flatter than the other profiles, and the July

2.6
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FIGURE2.5. SelectedMonthly TemperatureProfiles (n = 144)

profilehas the widest daily range. The flatnessof the January temperature

may indicatethat temperaturestypicallydo not rise above (or sink below)

the heatingset points. The aggregatedaily profilescan be seen to be

constantlychanging from hour to hour, rather than changingindistinct steps.

2.2 TEMPERATUREVARIATIONBY HVAC TYPE

The relationof internaltemperatureinthemain living space to the

type of heatingequipmentwas examined. Figure 2.6 displaysthe averagewinter

daily profilesfor houses with five types of primary heatingequipment. Sites

with radiantheat, having a mean winter temperatureof about 21.7°C (71°F),

were seen to be higher in temperaturethan the other HVAC types. The average
i

temperaturesof radiantheat sites were statisticallyhigher in temperature

than both central electric furnaceand heat pump sites,which were an average

of about 19.4°C (67°F). No other statisticallysignificantdifferences(at

the level of 54 or higher) occurredbetween any other combinationof HVAC

2.7

!I



Radiant (n=! 1)
_eat l-'ump(n=13)
Woodstove(n=g) , Oa
Baseboard (n=42)

=__ / .........._.......... _ _.='- .

I " " .-"-';; " "
"_, .............. " 7"--" _1--.,

oo

3 AM 6 AM 9 AM Noon 3 PM 6 PM, 9 PM

FIGURE 2.6. Winter _emperatureProfiles by HVAC Type

types, includingbaseboardheatersand wood stove, lt is not clear why the

radiant sites are so much warmer than the other HVAC types, or even if the

difference is attributableto the occupantbehavior. The radiated heat may

be striking the shieldedtemperaturesensor andwarming it above the actual

temperatureof the room air, However,if that is the case, the radiated heat

should also be strikingthe thermostat,causing it to react the same as the

shielded temperaturesensor, as they are very similar to one another.
l

Figure 2.7 displays the profilesnormalizedso the daily shapescan be

compared. All profiles for sites with fuel or equipmenttypes other than wood

stoves are similar The sites with wood stoves as the primary heating source

tend to be much warmer from midnightto 7 a.m. and cooler during the day. This

supportsthe reasoningpresentedin Section2.0 for leavingwood-stove sites

out of the general analysis.
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2.3 TEMPERATUREVARIATIONBY THERMOSTATTYPE

Sites with clock thermostatswere studied. These thermostatsallow the

occupant to automaticallyset a daily thermostatschedule. Twenty-fiveof

the 206 ELCAP sites studiedhad clock thermostats. The averagetemperatures

for winter data for sites with clock thermostatswere lower than sites without

clock thermostats,but this was not a statisticallysignificantdifference.

However, Figure 2.8 displays a clear trend in the winter profiles for clock

thermostat sites versus sites without clock thermostats. The clock thermostat

sites were often a degree or more lower thanthe manual thermostatsites for

i each hour of the day except for the period of 7 a.m. to 11 a.m.
=

i . Figure 2.9 illustratesthe normalizedtemperatureprofiles for the clock

and manual thermostatsites. The profiles indicatethat occupantsin the clock

thermostat sites tend to set the thermostatlowerrduringthe night. The rapid

temperaturerise in the morning for clock thermostatsites shows that these

occupantsuse the clock scheduleto set the thermostat in the morning, and

2.9
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establisha daytimetemperatureat about the averagefor manual thermostat

sites. The clock thermostatscan be utilizedto set the temperaturebefore

the occupantswake up, thereforewarming the house by the desired time. The

behaviorof the clock thermostatsites compared 'Lothe manual thermostatsites

is examined in Section3.5.

2.4 TEMPERATUREVARIATIONBY DEMOGRAPHICS

• A brief examinationof the internaltemperatureof the sites has been

done on various subsetsof demographicvariables. The variablesare climate

. zones (degreeday based), numberof occupants,income level, utilitytype

(publicor private),house size, and vintageof house. No statistically

significantdifferences,or even visibletrends,were seen in any of these

demographics. This displaysevidencethat temperaturecannot be cortelated

with commonlyused demographics. This conclusionis supportedby the findings

of other studies, summarizedin Vine (19B6),which did not show consistent

relationshipsbetween temperaturesettings and income,house size, or house

age.

2.5 TEMPERATUREVARIATIONBY ROOM

The temperaturesfrom room to room in a house may vary, either by

occupantschoice, from internalor solar gains, or as a result of the HVAC

distributionsystem. The occupantmay inLentionallymaintain a temperature

differenceby closing ducts and doors, or by turningoff baseboardheat

(referredto as zoning). Internalgains caused by factorssuch as stoves,

i lighting,and people may heat rooms above the temperaturesof other rooms.

The same is true for solar gains throughwindows. Finally,the ducting system

may not evenly distributeheat to all rooms, causingtemperaturedifferences.
o

A comparisonof temperaturesin the differentareas (or zones) in houses

has b_en done. Data for this zoning analysiswere taken from the RSDP study,
i

which includecontrol homes built to currentpractice,and Model Conservation

Standard(MCS) homes built to high conservationlevels. Only the RSDP homes

were monitoredwith multipletemperaturesensors,which allows the study of

zoning. A box plot containingthe distributionof winter temperaturesfor
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living spaces(a),bedrooms,and basementsis illustratedin Figure 2.10.

There is a statisticallysignificantdifferencein temperaturesbetweeneach

of the three room types. Comparison of individualrooms in the living spaces

did not produce statisticallysignificantdifferences. Each site used on

this plot has a monitoredtemperaturefor the living spaces and bedroomzones.

About one-halfof the sites have baseboardheat, one-quarteruse central Forced

air, and one-eighthhave heat pumps. The RSDP data indicatesthe possibleuse

of zoning,with bedrooms and basementsbeing maintainedat lowertemperatures.

Inspectionof nighttimedata shows the temperaturedifference betweenbedrooms

and main living space decreases (i.e.,the temperaturereductionfrom day to
e

night is less for bedrooms than it is for the living space). This indicates

that temperaturecontrol varies both by zone and by time-of-daywithin zones.
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FIGURE 2.10. Winter Room Temperatures(Basementsn : 80, Other Rooms n - 9)

(a) Living spaces is defined as the combination of living rooms, dining
rooms, hallways, family rooms, and general living areas.
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2.6 ACCURACY OF TEMPERATURESET POINTS FROM SURVEYDATA

Survey data with occupant-reportedthermostatsettings is more common and

easilyobtained than measuredtemperaturedata. The ELCAP-measured

temperaturedatahas been supplementedby residentsurveys,therebyallowing

an assessmentto be made of how accuratelyoccupantstend to report their

thermostatsettings. Two previousstudiesby Kemptonand Krabacher(1987)

and Gladhart,Weihl, and Krabacher(1988)indicatedthat the reportedsettings

• were typicallyone to three degreeslower than the true settings,although

the number of sites in each study were low (n = 7 and n = 10, respectively).

The accuracyof survey resultswas testedby comparing'theELCAP-measured

temperaturedata to the occupant-reportedtemperaturesettingsfrom the ELCAP

1987 residentialsurvey. This written survey asked for the approximate
|

thermostatsettings of the main living area duringwaking and sleeping hours.

In comparingthe meteredmeasureddata to the written survey,the waking hours

were averagedbetween9 a.m. and 10 p.m. To obtain the lowesttemperature

For setbacksites, the 5-a.m.period was selected. Figure 2.1i displaysthe

real versus perceivedset points for the waking hours or daytimehours. Figure

2.12 displaysthe real versusperceivedset pointsfor the sleepinghours or

nighttimehours. The diagonallines representagreementbetweenthe reported

and averagemeasured temperatures.

Visual inspectionshows that the occupantswere poor predictorsof their

internal temperatures. Note that measured temperaturesmay have varied

slightlyfrom the actual thermostatsettingsbecauseof the locationand

sensitivityof the thermostat. The nighttimeestimatesappearedto have an

upward trend to match the sorted real data but were clearly lower than the

real data. The trend of reportednighttimetemperaturesthat are lower than

those actually achievedmay be partly becauseof temperaturesnot decaying

quicklyenough to reach the nighttimesetbacktemperature. Out of the 18 sites

with reportednighttimetemperaturesof 15°C (Sg°F)or less, none actually

" achievethe reportedtemperature.

The R2 statisticfor the daytimepredictionof temperatureby occupant

was 0.06, indicatingvery littlecorrelation. TlleR2 for the nighttimeperiod

was 0.19, which was also a low correlation. The mean estimatefor daytime
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temperatureswas 20.9°C (69.6°F),an overpredictionof the true averageby only

0.2°C (O.4°F). The occupantspredictionswere close to the actualdata. For

the nighttimeperiod,the mean-estimatedtemperaturewas 17.3°C (63,1°F),which

was 1.9°C (3.4°F)below the actualmean temperaturesat 5 a.m. Even in the

aggregate,reportednighttimethermostatsetbacktemperatureswere low.

The resultsdispldyevidencethat survey informationon thermostatsetting

is inaccurate,though the overallaveragefor the large group (n : 14g) is

. close to the real average in the daytime. Reportedwinter daytimetemperatures

from a United States Departmentof Energy (DOE) nationalsurvey (DOE 1987),

• supportthe findingthat on an average,reportedtemperaturesare fairly

accurate. Survey data of residenceswith electricalheating in the west census

zonewith 4000 heating-degreedays or more (generallythe PacificNorthwest

and rocky mountainstates)gives an averagereportedtemperatureof 20.7°C

(69.3°F). This compares to the averagewinter temperature20.2°C (68.4°F)

for the ELCAP Base Sample.
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3.0 THERMOSTATCONTROLBEHAVIORAT INDIVIDUALSITES

This section infersthermostatcontrolbehaviorfrom the temperature

data. To'extractthe apparentthermostatcontrolbehavior,the data was

examinedon a site-by-site,day-by-daybasis. An hourly patternrecognition

algorithmwas developedspecificallyfor this purpose. Each day was classified

for each site accordingto the apparentthermostatcontrolpattern. Each

site's aggregatebehaviorwas then categorizedby its predominantdaily

patterns.

. The hourly patternrecognitionand classificationalgorithmincludeda

number of steps, which are documentedin detail in the Appendix. During the

initialstep, all hours where temperatureswere either risingor fallingwere

identified,based on a temperaturechange above or below the thresholdvalue.

If the change over the period examinedaround each hour was greaterthan the

threshold,the hour was classifiedas changingeither up or down. Temperature

changes for severalperiods,up to 8 hours aroundevery hour, were checked.

The longer periodswere needed to identifythe slower,more gradualchanges

(seeAppendix). The thresholdvaluesfor significanttemperaturechanges

were chosen by visual inspectionof resultsand were intendedto catch

meaningfultemperaturefluctuations. Resultsfor all data indicatethat 994

of the periodsthat were classifiedas changinghad temperaturechangesgreater

than 1.7°C (3°F) and 874 had changesgreaterthan 2.2°C (4°F).

Daily patternsat each site were classifiedas combinationsof up, down,

and/oreven periods;this clearlyallows for a large number of potentialdaily

patterns. To summarizethe resultsin a logicaland simplemethod,each day

has been split into three periods: 7 p.m. to 3 a.m. (night),4 a.m. to 11 a.m.

(morning),and 12 a.m. to 6 p.m. (afternoon). The beginningand end of the day

. has been definedat 7 p.m. The boundariesfor the parts of the day were

chosen as times of day when the least setbackor setup activityoccurred.

. In other words, the day was dividedto place times with high thermostat

activity (e.g.,eveningsetbacks)squarelywithin one of the three defined

periods.

i
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FiguresA.I and A.2 (see Appendix)illustrateexamples of the typical

fluctuationsin measured heating season temperaturedata. Note that the

temperaturedata variationseen in FigureA.2 is more common than that found

in Figure A.I. The erraticnature of the real temperaturedata is worth

noting; it greatly complicatedthe problemof accurateclassification.
4

3.1 TIMING OF THERMOSTATCHANGEs

To classify behavior,the timing of thermostatchanges must be inferred •

from the temperaturedata. The time at which temperaturechanges start is of

particular interestas this indicatesthermostatsettingchanges. The setup

start is defined as the beginningof a temperaturerise period (see Appendix).

The setbackstart is defined in a likewisemanner. In reality, these

temperature-changestartsmay not become apparent until sufficienttime has

passed since the occupant has changedthe thermostattemperature. This is

particularlytrue for temperaturesetbacks.

The start of both setbacksand setupswas identifiedby time-of-day

across all sites. Figure 3.1 displaysthe frequencywith which setbackshave

startedduring each hour of the day for all sites combined. Each bar
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FIGURE 3.1. SetbackStarts (n : 145)
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representsthe fractionof setbacksthat start during that hour relativeto

all hours combined. Note that the temperaturefor each hour is the average

of the preceding60 min; for example, I a.m. is the averagetemperaturefrom

midnight to I a.m. Setbacksmay not become evident immediatelyafter the

thermostat is lowered; the hour identifiedas the setback start could actually

be the hour after the thermostatchanges. The large majorityof the setback

starts are between 7 p.m. and I a.m., peaking in the 10 p.m to 11 p.m. hour.

The actual time when thermostatsetbackspeak is estimatedto be 10 p.m.,
o

this accounts for the delay betweenthe time when the setbackis made and

, when the temperaturechange becomesapparent. This is alsolikely to be the

• time when occupantsare guing to bed. There is a small peak in setbacks

between8 a.m. and 9 a.m. in the mornings. This is probably becauseof

setbacksoccurringas occupantsleave for work at around 8 a.m.

Figure3.2 displaysthe startinghour for setups across all sites. Each

bar representsthe fractionof setups that begin during that hour relative to

all hours combined. The starts of the setups are much more bimodal than the

-7

C_

0
F--

I

I
• d

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

• Hour-of-Day

FIGURE 3.2. Setup Starts (n = 145)

'i 3.3



starts of the setbacks, The greatest numberof setup starts occur in the

morning, peakingbetweeen 6 a.m. and 7 a.m.. These can primarilybe attributed

to setups in response to nighttimesetbacks. A second group of setups occur

in the late afternoon,Peaking between4 p.m. and 5 p.m., or 'thetime many

occupantswill be returningfrom work. Many of these afternoonsetups can be

coupled directly to nighttime setbackswith the occupantsforgoing raising

the thermostat in the morning.

Figure3.3 displaysthe fractionof all combined setbacks and setups that

start duringeach hour. The combinedtotals give justificationto the choices

of using 3 a.m., 12 a.m., and 7 p m. for dividing the day into three parts

(night,morning, and afternoon). These are clearly the periodsof lowest

thermostatactivity.
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3.2 CLASSIFICATIONOF THERMOSTATBEHAVIORBY DAILY STRATEGY

Each day having 3 or more hours of heatingfor all sites has been

classified into a specificpattern based on the number of setups and setbacksi

that start in each of the three periods. Recall that the start of a period

indicatesthe time-of-daywhich the temperaturefirst changes. There was a

total of 87 daily patternsobserved in the ELCAPdata. A large majorityof

the data fall into only a few uniquepatterns. The less common patternstend

. to be more complex, such as multiples and uneven numbers of ups and downs.

(Isolated,single changes in the temperaturewithout correspondingsubsequent

• changes in the oppositedirectionwill be referredto as ups and downs.)

The possibilityof two ups or two downs within one of the three daily periods

was accountedfor but rarely observed.

Figure 3.4 displaysthe number of occurrencesof the 10 most common daily

patterns. These 10 patternsaccount for 91% of all days with 3 or more hours

of heating. Table 3.1 describeseach of these 10 patterns,listed in order

of descendingfrequency.

LO

FIGURE 3.4. The 10 Most Common Daily TemperaturePatterns (n : 145)
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TABLE 3.1. The 10 Most Common Daily Patterns (in DescendingFrequency)

Pattern Description

constant No temperaturechange (past the threshold)either going
up or down for the day.

Night Setback, Setbackduring night, setup during morning.
MorningSetup

Night Down Setbackduring night, no setup.

MorningUp Setup during morning, no setback.

Night Setback, Setbackduring night, setup during afternoon.
AfternoonSetup,

q

AfternoonUp Setup during afternoon,no setback.

Night Setback, Setbackduring night, setup during morning, additional
MorningSetup, setup in afternoon.
AfternoonUp

Night Setback, Setbackduring night, setup during morning, additional
Morning Setup, setbackin afternoon.
AfternoonDown

Night Up Setup during night, no setback.

. MorningUp, Setup in morning, setback in afternoon.
AfternoonDown

Constantdays are by far the most common pattern,with the night setback

morning setup pattern about half as common. Constantdays are days where

the temperaturedoes not vary by enough magnitudein a short enough time to

be flagged as having a periodof up or down (seeAppendix).

The next two most commonpatterns are night downs and morning ups. These

will be referred to as single patternsbecause there is no associatedup-to-

down or down-to-uppattern. Single patterns are quite common and can be

attributedto a number of causes,both from the limitationsof the

, classificationalgorithmand from occupant behavior.

For all temperaturechanges,either up or down, there must eventuallybe

a change in the oppositedirection,to keep the temperaturein the occupant-

establishedcomfort range. However, a temperaturechange in one direction

may be "largeenough to be flaggedas an up or down, but a temperaturechange

in the opposite directionmay not be substantialenough to be flagged.
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Inspection of the average magnitudes of all the temperature changes reveals

that the single changes are generally smaller than other daily patterns.

Table 3.2 displays the average temperature change during the peric_s classified

as up and down. The average change is about 4°C (7.2OF). The classic night

setback, morning setup has an average change of about 0.4°C (O.7°F) more than

the overall mean, indicating this pattern has more depth. The daily patterns

with single ups and downs have an average change of 0.6°C (I.I°F) less than the

overall mean. This indicates that the single changes are less substantial,

sometimes barely sizeable enough to be flagged.

. The average temperature change down is greater in magnitude than the

average temperature change up. However, there were 104 more temperature

changes defined as upsthan downs. The higher frequency of temperature rises

can be attributed to the driving factors for the ups and downs which affect the

rate of temperature change. The duration of the ups is principally dependent

on the capacity of theheating equipment and the size of the building. The
-I

duration of the downs is influenced by the inside-outside temperature

ii difference and the thermal integrity of the building. Overall, temperature
l

increases are more likely to be categorized as ups because they tend to occur

more quickly than temperature decreases. A final reason for the single ups and

single downs is from the grouping of patterns into a daily period coupled

with the occupants inconsistent behavior; some of the ups and down have an

associated change in the opposite direction in the previous or following days.

For example, the occupant may make a nighttime setback and may not setup until

a day or two later.

TABLE 3'2. Mean TemperatureChangesfor Setups and Setbacks

TemperatureChange
Up Down

P

Pattern °C °F °C °F

' All data 3.8 6.8 4.0 7.2
Night setback 4,1 7.4 4.4 7.9
Single up, down 3.2 5.8 3.4 6.2

3.7



3.3 CLASSIFICATIONOF SITES BY SETBACKAND SETUP FREQUENCY

The previous sectionexaminedthe absolutefrequencyof daily winter

temperaturepatterns. This sectionsplits the typicalwinter thermostat

controlbehavior for each site by assigningan index to each site, based on

the frequencyof setbacksand/or setups 'Forall heatingdays. An index of

zero representssites with a constant set point (i.e.,no setbacks or setups).

An index of one representssites with setbacksand setups during every day in

the heating season. In the averagingof a_l days for a site, days with single

ups or single downs have been assignedan index of one-half. A histogramof

the setback index is displayedin Figure 3.5. The distributionof the indexes

is fairly flat from zero to 0.8. The averagesetback index is 0.49. The

mean is in general agreementwith the resultsof the DOE national surveydata

(DOE 1987). In the survey,48.18 of occupantsrespondedthat they turnedthe

thermostatback 1.7°C (3.0°F)or more at night, and 44.48 of the occupants

reportedeither keepingthe same temperatureor turningthe thermostatup at

night.
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The wide index distributionin Figure 3.5 indicatesthat the residences

do not neatly fall into groupingsof setbacksites and nonsetbacksites, lt

is importantto emphasizethat there are real people controllingthe

temperatures,peoplewhose behaviormay not be consistentor explainable.

Many sites may have occupantsthat can be called fiddlers,who change the

thermostatsettingson some days but not on others.

The occupantswho usuallyset back were comparedto those who do not. For

. the purposes of this comparison,it was assumedthat sites with setback indexes

in the lowest third were essentiallyconstanttemperaturesites. Correspond-

0 ingly,the sites with indexesin the highestthird were sites that normally

utilizea nighttime setback. Winter temperatureprofiles for sites with

indexesin the lowest third and the highestthird are displayed in

Figure3.6. These two groups roughlycorrespondto sites with indexesless

than 0.35 and sites with indexesgreater than 0.65.
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The averagewinter temperaturefor the constant sitesis about 20 5°C

(69°F). The setbacksites also have an averageof about 20.5°C (69°F)for the

daytimeperiod. The average setbackthermostatsettingof the setbacksites

is likelyto be 'lowerthan the minimum_etbackdisplayedin Figure 3.6 fer two

reasons. First, all the setbacksites had some days that were not detected

as having setbacks (i.e.,none had an index of one). Second,the lowest

temperatureachievedbefore a morningsetup begins may be above the thermostat

setting, l'herate of temperaturedecay is largelydependenton the

inside/outsidetemperaturedifferenceand the thermalintegrityof the house.

Section2.5 displaysthe measuredearly morning temperatureswell above the

occupant-reportedsetbacktemperatures. The effect of the decay rate,

I particularlyduring mild winter days, may be the reasonthat no sites
are

classifiedas settingback every day. A reasonableestimateof the average

setbacksettingcan be obtainedusing the averagetemperaturedrop of 4.4°C

(7.9°F)for the night-setback/morning-setuppattern. Based on the daytime

temperatureand this setbackdrop, the setbacktemperatureis 16°C (61°F).

The hours at which the setbackstarts and ends are definedas 10 p.m. and

6 a.mo These hours were chosen from Figure 3.6 for the setbacksites, where

the temperaturecan been seen to begin a rapid decay startingat 10 p.m., and

begin to setup at 6 a.m. These hours actuallyoccur i hour before the peaks

of the setbackstarts and setupsdisplayedin Figures3.2 and 3.3. However,

as discussedin Section3.0, the startinghours establishedfrom the flagging

procedurewill begin only after a significanttemperaturechange has occurred.

The actual thermostatadjustmentwill occur some time before the temperature

begins to change.
p

The resultsof the thermostatcontrolanalysisprovideempiricaldata

that can be used to establishrealisticthermostatsettingsand schedulesin

simulationsof residentialbuildings. There is a wide range of behaviornot

categorizedin any distinctbehavioralgroup. However,the resultsdo suggest

some reasonableapproximationsof thermostatschedulesfor use in simulations.

Three approacheswhich var)'by level of detail are presentedin Table 3.3.

The simplestbut possibly least accurateapproach is to use a constant

temperature. The second approachis to use a single-thermostatschedulewith

all days having ,lsmall setback. The most detailedand probablymost accurate
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TABLE 3.3. RecommendedThermostatSchedulesfor Simulations

Daytime Nighttime
Set Point Set Point

Strategy °C °F °C °E SetbackHours

Constant temperature 20.0 68 20.0 68 none

Minor setback 20.5 69 19.0 66 10 p.m. to 6 a.m.

• Constant 508 of days 20.5 69 20.5 69 none

Setback509 of days 20.5 69 16.0 61 10 p,m. to 6 a.m.

approach is to use two schedules: one with a constantthermostatsetting,

and one with a large nighttimesetback. This third approachcould be

implemetedas two schedules,each havingone-halfof all days or by doing

tlvosimulations(i.e.,one with the constanttemperatureand one with the

setback) and averagingthe results. Note that simulationsof residencethermal

energy use that includeeither an assumptionof a constantthermostatset point

at the daytimeset point 20.5°C (6g°F)or assume a uniformsetbackstrategy

of 20.5°C (69°F)in the daytimewith a 16°C (610F)nighttimesetbackmay

introduceerrors into the conclusions.

3.4 THERMOSTATCONTROL BY DEMOGRAPHICS

A brief examinationof the correlationof setbackbehaviorwith various

demographicvariableswas done. The variablesstudiedwere climate,number of

occupants,incomelevel, utilitytype (publicor private),house size, and

house vintage. Only two inconclusivetrendswere apparent: the numberof

setbacks shows a generaldecreasewith increasingnumberso'Foccupants,and the

setback index is higher for occupantswith a low income.

3.5 THERMOSTATCONI'ROLBY WEEKDAYSAND WEEKENDS

' The daily patternswere studiedto determinehow thermostatbehavior

changeswith respectto weekdays and weekends. Figure 3.7 displaysthe

histogramsof the most common daily patternsfor weekdays and weekends. This

figure can be comparedto Figure3.4, which containsthe overalltotals.
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The total number of constantdays is about equal for weekdays and

weekends. However, for the days with thermostatactivity,the distributions

of the patterns are different. The weekendshave 14% more of the night

setback,morning setup pattern than the weekdays,but have 36% less sf the

night setback, afternoonsetup pattern. The weekends have 12% fewer downs

without any setup the next day, and have about 25% more morning ups without

any other activity. All of these results indicatethat occupantstypically

adjust their thermostatup on weekendmornings when compared to weekday

mornings.

3.6 THERMOSTAT CONTROLBY THERMOSTATTYPE

A similarcomparisonof daily patternswas made for sites with and without

clock thermostats. Figure 3.8 displys a comparisonof the common daily

patternsfor manual and clock thermostatsites. The clock thermostatsites

have about the same number of constantdays as the non-clocksites, The major

differencebetween these two subsetsof sites is that the clock sites have
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about 32% more of the night setback,morning setup pattern than the non..clock
|

sites. The other differenceis that the clock sites tend to have less single

| ups in the mornings and afternoonsthan the non-clock sites. As expected,

clock thermostatsites have more uniform behaviorthan manual thermostatsites,

with the night setback,morningsetup much more common. This verifiesthe

use of the morning setup for clock thermostatsites.
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4,0 CONCLUSIONS

The ELCAP monitoringprojecthas enabledthe study of a large number of

internaltemperaturesensorsin Northwestresidencesfor multipleyears at an

hourly level of data collection. This report summarizedthe resultsof

examiningmeasuredtemperaturedata for aggregatetemperaturebehavior and

impliedthermostatcontrol behavior. The developmentof a pattern-

recognitionalgorithmhas allowedsites to be groupedbased on their described
q

temperaturepatterns.

. The key findingsin this report are as follows:

• The averagewinter temperatureis 20.2°C (68.4°F)in the Northwest.
Temperaturesare significantlylower in the nighttimeduring the
wlnter period.

• There is strong evidencethat residenceskeep differentparts of
their homes at differenttemperatures. Bedrooms appearto be about
2°C (3.8°F)colder than the main living space, basementsabout 6°C
(I0.8°F)colder. This observationshould be furtherinvestigated,
but could have significantimpacton assessmentsof conservation
impacts. All other key findingsare for temperaturesin main living
spaces.

• Clock thermostatsdo not significantlyincreasethe incidenceof
thermostatsetbackbehavior. They do make the behaviormore regular.
Residenceswith clock therl_1ostatsdo have lower averagetemperatures;
however,they averagedonly about I/2°C (32.g°F)less than those
with manual thermostats The conservationimpactof clock
thermostatswill be significantlyoverestimatedif the occupants'
behavior is presumedto change from not settingback to setting
back, with the installationof a clock thermostat.

• Reportedthermostatset points collectedfrom a written surveyare
generallyinaccurate. Reportednighttimesetbacktemperaturesare
often much lower than the minimumtemperaturesactuallyachieved.

• Althoughthere is a wide range of behavior,startsof thermostat
' setbacksare most common at 10 p.m. Starts of thermostatsetups

are most commonat 6 a.m. The averagesetbackis about 4°C (3g.2°F).

' • Behaviorrelatingto thermostatcontrolcan often be seemingly
erraticand may not conformLo simplifiedassumptions. The
thermostatcontrolbehaviorof individualoccupantsvaries
significantlyfrom day to day.
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• The constant daily temperaturepattern (no significanttemperature
change during the day) is the most common patternfor all heating
season data and occurs abo_t 404 of all days with heating. Night
setbacksand morning setups are the secondmost common pattern.

• During the winter,daily thermostatsetbacksand setupsoccur about
one-halfof all days for residencesin the aggregate.

• Occupantsof residencesare not easily categorizedin terms of
setbackbehavior but, instead,displaya fairly constant
distribution,from residencesnever settingback to alwayssetting
back thermostats. Actual thermostatset points vary over a
considerablerange from residenceto residence. Becauseof the
variationin behavior,both within and across residences,the
measured temperaturedata are dissimilarto common assumptionsabout
internaltemperaturepatterns used in simulations.

• The daily temperaturepatternanalysessuggeststhree reasonable
approachesvaryingin complexityfor heatingseason temperatureschedules
in simulations.

I) If a constanttemperatureis needed,20°C (68°F)is
recommended.

2) If the model allows a setback a daytimetemperatureof 20.5°C
(69°F) and a setbackto 19°C i66°F)from 10 p.m. to 6 a.m. is
recommended.

3) Take the averageof a simulationwith a constant20.5°C (6g°F)

set polnt, a simulationwith a daytimetemperatureof 20 5°C(69°F) and a setbackto 16 C (61°F)from i0 p.m. to 6 alm.
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APPENDIX

METHODOLOGYUSED IN DATA CLASSIFICATIONALGORITHMS

This Appendixprovides informationon the methodologyused in the data

classificationalgorithms. Internalair temperaturein residenceshas been

studiedto attemptto classifyeach day's appa ent behaviorin terms of
v

setbacks,setups, and thermostatset points. The processdevelopedhere was

highly empirical. We experimentedwith severalmethods before developing

the method definedbelow. The major qualificationof the algorithmchosen

was that it producedresults that approximatedthe resultsobtainedby visual

inspection.

Because real, measureddata was used for this work, based on our

judgement,we made a significantnumberof empiricalchoices. For example,

when classifyingthe temperatureas fallingor rising,we had 'toselect a

thresholdfor the requiredtemperaturechange. In reality,the data does not

displaydistinctboundariesand the selectionof a specificthresholdcreates

a somewhatarbitraryboundary. In many cases, there were apparenttrends which

aided the selectionof parameters,such as the clear prevalenceof setbacks

in certainhours at night.

DATA CLASSIFICATIONPROCESS

The followingsteps outlinethe data classificationprocessused in

Section3.0(a).

EliminateShort Periodsof MissingData

. There were numerousreasonsfor short-termmissingdata. One common

cause was power outagesto the residences. The most common lengthof time

• for a period of missing data was I hour. One-, two-, and three-hourperiods

(a) This classificationalgorithmwas automatedusing a seriesof
S macros. S is a statisticalgraphicssoftwarepackageoriented toward
interactivedisplay and analysisof data (Beckerand Chambers 1984).
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of missing data were eliminatedfrom the temperaturedata by replacingthese

periodswith a linear averageof the previousand followinghour'smeasured

temperature. Data fillingusing linear averagesincreasesthe amount of

availabledata and providesa reasonabledata approximation,even though the

peaks or valleys of setupsor setbacksmay be inadvertentlyeliminatedin

some cases. Because the algorithmevaluatesa g-hourperiod, classifyingthe

fallingand risingtemperaturearound each hour, the possibleminor inaccuracy

of estimatingshort-termmissingdata was consideredinsignificant. The amount

of data replaced by this averagingprocesswas only one-half of 14 of the

combinedhour'lydata. Periodsof'missingdata longerthan 3 hours were not
altered.

SmoothinqOut Short-TermData

Short-term irregularitieswere found to be a problem in determining

regulardata patterns. The data were smoothedout or normalizedsomewhatby

replacingeach hour of data by a weighted averageof that hour's temperature

alongwith the previousand followinghour's temperature:

T(i) = O.5.T(i)+ 0.25.T(i-i)+ 0.25.T(i+I) (A.I)

where T(i) = temperatureof the currenthour

T(i-1) = temperatureof the previoushour

T(i+l) = temperatureof the followinghour.

Temperatureaveraginghas the effect of eliminatingsome of the noise,

includingsawtoothtemperaturepatternsthat occur becauseof the resolution

of the temperaturesensor.

EliminateTemperatureFloat

On warm days, temperaturesfloatingabove and returningto the heating

set point can be falselyclassifiedas a setup and setback. For example,on

a sunny and mild winter day, the temperaturein a house may reach 24°C (75°F)

even though the thermestatis set to heat up to 21°C (70°F). Without an

adjustment,the classificationalgorithmwould indicatethat the thermostat

A.2
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set point temperaturewas 24°C (750F), Becausethe emphasisof this analysis

is placedon estimatingthe true thermostatsetpoint, the float periodswere
,i

eliminated.

Low HVAC energy usage, in periodswhen the temperaturewas rising,was

used to indicatethat the temperaturewas floating. The method of eliminating

temperaturefloat was to compareeach hour to the previoushour. If the

temperaturewent up and the HVAC was below a thresholdof 200 W, the hour

, was considereda float hour and the temperaturewas set to the previoushour's

temperature. This processwas repeatedup to 24 times until every float hour

that was above the temperaturebeforethe float startedwas set equal to the

initialtemperature. This processflattenedout periodsof float by setting

theperiod temperatureequal to the temperatureof the hour prior to the float.

An examinationof data indicatedthat almost all periodsof float in the

heatingseason lasted only a fractionof the day; 24 cycleswere established

to regulatecomputationrequirements.

CategorizeHourly Temperatures

To determinewhen the setbacksof setups occur, each hour was classified

as up, down, or constant. Each hourly temperaturewas assignedto one of

three categories: temperaturegoing up, temperaturegoing down, or constant

temperature. This was accomplishedby summingthe averagesof the temperature

changesfor 2-, 4-, 6-, and 8-hour periodsaround the hour of interest,(i):

[T(i -T(i+l)]

+eTI :+ [T(i-4 +4) > 3.3°C (6°F) or <-3.3°C (-6°F) (A.2)

The last two periods in the equationwere includedto captureslower,

' long-termsetbacks..The initialmethod of testing placedgreateremphasison

short-termchanges,but that algorithmwas not sensitiveenough to detect the

' slowerdecays. The thresholdcriteriaof an absolutetemperaturechange

greaterthan 3.3°C (6°F)was chosenbased on the visual inspectionof data.

The processof selectingboth the temperaturechange algorithmand the

i thresholdvalue involvedmany iterations. These iterationswere needed to
A.3



develop an algorithm that was in agreement with the concept of hourly

temperature classifications. Another criterion for an up hour was that the

temperature must increase during either the previous or following hour and,

converselyfor the down hour, the temperaturemust decreaseduring either the

previous or followinghour. Additionally,each up and down period,which

lasted only a single hour, was set accordingto the constantcriteria.

No matter which test is used, the situationwhere a temperaturerise or

fall is just large enough to be classifiedas a setbackor setup will occur.

Correspondingly,a subsequenttemperaturefall or rise later on may not be

large enough to be flaggedby the test. This situationcontributedto a

significantnumber of days with ups or downs unmatchedby a corresponding

change in the oppositedirection. This is typicalof the nature of real data.

The test describedabove was generallyeffective in catchingthe middle

hours in the periodsof settingback and settingup. However,to flag

additionalhours in setbackor setup periods,an additionaltest was used. The

followingconditionshad to apply to flag the additionalup and down hours:

° The hour had to be initiallyclassifiedas constant.

• The hour had to have a temperaturechange from either the previous
or followinghour.

° The temperaturechange had to be in the same directionas a flagged
change in the correspondingpreviousor followinghour.

If these conditionsapplied,the hour initiallyclassifiedas constantwas

flagged like its neighbor. For example,if the temperaturewent up 0.5°C

(O.9°F)during an hour initiallyclassifiedas constant,and in the following

hour the temperaturewas classifiedas an up hour, then the constanthour was

changedto an up hour.
4

FiguresA.I and A.2 illustratetwo examplesof the patternrecognition

results. Two weeks of data are shownfor each of two sites with vertical lines

separatingthe days at midnight. Small verticallines, or hairs, on the

temperaturecurve representthe classificationof an hour as changing.The

periodswith hairs indicateperiodsthe empiricallydevelopedalgorithm

consideredto be significanttemperaturechanges. The hairs above the

A.4
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temperaturecurve representhours in which the temperatureis classifiedas

increasing,hairs below the curve representhours with decreasingtemperature.

The first example depictsa clear nighttimesetbacksite with daily temperature

fluctuationsof 5°C to 8°C (9°Fto 14.4°F). The second exampledisplaysa

muchmoreerratic behaviorwhere it is difficultto define the thermostat

controlclearly. In FigureA.2, it is not alwaysclear which temperature

changesreflecta thermostatchangeby the occupantand which changes are

just used again. The temperaturedata for the site in Fig,;reA.2 are more

typicalof the day-to-day variationdisplayedin real data than the relatively

consistantdata displayedin FigureA.I.

EliminateInsignificantHeatingBehaviorDays

The primary interestin thermostatbehavioris in what occurs in the depth

of the heating season. Days in the swing seasonoftendid not have sufficient

HVAC use to determinetemperaturesetting. Days that had missing data,

insignificantheating loads,or possiblecoolingloads with less than 3 hours

of heatingwere removed. In addition,any day with periodsof 4 or more hours

of missing data was eliminated(periodsof 3 hours or less had alreadybeen

filled).

To ensure that the analysiswas limitedto the heatingseason,an

o additionalstep became necessary. Some of the ELCAP loggersmonitor both

° heatingand cooling on the same channel. The presenceof cooling loads can

cause difficultiesin the eliminationof the float periods. When a cooling

load started,the float eliminationalgorithmwould stop, and the modified

temperaturepatterntypicallyincreased. This increasewould then be falsely

classifiedas a setup. To remove this problem,all days with average outside

temperaturesabove 18.3°C (65°F)were designatedas missing. The choice of

18.3°C (65°F)was selectedbased on the inspectionof HVAC loads versusoutside ,

i temperaturesfor sites with mixed heatingand coolingdata. This temperature

was typicallynear"the rangewhere the HVAC is at a minimum and, therefore,
. indicatesthe transitionrange from heatingto cooling.
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Classify Days by Behavior

The categorization of hours as up, down, or constant was used to classify

daily patterns. Each day was split into three parts: 7 p.m. through 3 a.m.

(night), 4 a.m. through 11 a.m. (morning), and 12 a.m, through 6 p.m.

(afternoon). The beginning and end of the day was defined at 7 p.m. to allow

night setbacks and the corresponding morning setups to be classified together.

Daily thermostat control patterns were determined based on the starting hour

• for up and down periods. For example, if a temperature drop was first flagged

at 9 p.m. and a temperature rise was first flagged at 8 a.m. the next day,

the daily pattern was night setback, morning setup. Most of the d_,ys in Figure

A.I display the night setback, morning setup pattern. Figure A.2 displays an

assortment of daily patterns, including constant days (days with no hairs at

all). The I0 most commondaily patterns are given in Section 3, Table 3.1.
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