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EXECUTIVE SUMMARY

An advancedelectronicallyballastedlightingcontrolsystemwas installedina portionof anoffice building

to measure the energyanddemand savings.

The lightingcontrolsystemused an integratedlightingcontrolscenariothat includeddaylightfollowing,

lumen depreciationcorrection,and scheduling.The systemreducedlightingenergyonweekdaysby62%

and51% inthe northandsouthdaylitzones, respectively,comparedto a referencezonethat didnot have

controls.Duringthe summer,over75% energysavingswereachievedon weekdaysinthenorthdaylitzone.

Even inthe south interiorzone, whichbenefitted littlefromdaylight,correctionstrategies(schedulingand

lumendepreciation)andadjustmentof the aislewaylightsto a lowlevel resultedinenergyuse of only half

that of the referencezone. Although,ingeneral,the savingsvariedover the year dueto changingdaylight

conditions,the energy reduction achieved with controlscouldbe fit using a simple analytical model

(Figure ES-l).

Significantsavingsalsooccurredduringcore operatinghours(6 A.M.to 6 P.M.) when it is more expensive

to supplyand use energy.Comparedto the usage inthe referencezone, energy reductionsof 49%, 44%,

and62% were measuredinthe southdaylit,southinterior,andnorthdaylitzones, respectively,duringcore

operatinghoursthroughoutthe year.

Lightingenergy usageonweekends decreased dramaticallyin thezones with controls,withthe usage in

the northdaylitzone only 10% that of the referencezone.

A simple surveydevelopedto assess occupantresponseto the lightingcontrolsystemshowedthat the

occupantswere satisfiedwiththe lightlevelsprovided.

Duringthe load-sheddingtest, the lightingcontrolsystemwas usedto lowerlightlevelsbyabout 15% for

short intervalsinthe afternoonsin simulatedresponseto a peakdemand situation.The dimmingcontrols

were effectivein implementingload-sheddingcontrol;occupantresponse to the strategywas neutral.

A noveltwo-partcontrolphotosensorwas effective inprovidingappropriatecontrol;it alloweddaylighting

and lumen maintenancestrategiesto be implementedsimultaneouslywith the same hardware. With this

photocontrolsystem, design light levels were maintainedat the workplane regardlessof the daylight

contributionor the age of the lightingsystem.
o
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Section1

INTRODUCTION

Lightingconsumesa significantproportionof electricenergyuse incommercialbuildings.Averagedover

ali commercialbuildingstock, lightingis responsiblefor 37% of the buildingsector's electricalenergy

• consumption.Twenty-fivepercentof ali the energyconsumedincommercialbuildingsisused directlyfor

theprovisionof lighting(DOE 1989). ltisno surprise,therefore,thatthe lightingindustryhasdevotedmuch

effortto improvingtheefficiencyof lightsourcesandfixtures.Muchlessworkhasbeendevotedto improving

the way lighting energy use is managed in buildings.The all-too-common sight of lights burning in

unoccupiedofficebuildingslongintothe nightismutetestimonyto the enormousextentof lightingwaste.

Thus, it is worthwhile inquiringwhether the energyand demand savingsobtainedfrom better controlof

lightingmightresultinan equalenergysavingas improvementsto hardwareefficiencyatan equalorlower

cost.Thisreportpresentstheresultsofademonstrationof anadvancedlightingcontrolsystemthatprovides

appropriatelightlevelsforthe performanceof visualtaskswhilereducinglightingenergyconsumptionand

peak demand.

There are fourbasicstrategiesto reduceenergyconsumptionfor lightingwithlightingcontrols:scheduling,

lumen maintenance,daylighting,and tuning(see glossaryin AppendixA for detaileddefinitions).A fifth

strategy, load shedding,moderates lightingpower at times of peak demand primarilyto reducedemand

charges.These strategieshave been identifiedinpreviousresearch, andthe energysavingsattributable

to certainstrategies,particularlydaylightingand scheduling,have been measuredin a limitednumberof

buildingsites (Jaekel and Rea 1983; Levy 1980; Rubinsteinand Karayel 1984). Despite this body of

research, well-documentedstudies of the persistentenergy savings from systemsexploitingali these

techniqueshave not been reported.Thus,demonstrationof the long-termenergysavingsfrom a system

usingali controlstrategiescombinedwas a majorobjectiveof this project.

A secondobjectiveofthisworkwas to demonstrate_ photocellcontrolschemethat effectivelyperm=tsthe

optimal integrationof daylightingand lumen maintenancestrategieswith the same hardware. A third

objectivewas to assessthe responseof the buildingoccupantsto determineifthesetypesof systemswill

be accepted.

In Section2, we brieflydescribethe demonstrationsite, the installedcontrolequipment,the monitoring

° instrumentation,and the simultaneousimplementationof ali four lightingcontrolstrategiesat the site.

Section3 presentsthe resultsobtainedat the demonstrationsite in 1990. Resultsare presentedinterms

of both the energy saved per day and the lightingpower reductionsaccomplishedduringcore operating
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hours(6 A.M.tO6 P.M.). The long-termmeasured energysavingswithdaylightingand lumenmaintenance

are presented. Details of the measured resultsand their significanceare explained in Section4, and

conclusionsand recommendationsare presentedinSection5.
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Section2

METHODS

SUMMARY OF PHASE 1 WORK (1989)

• In 1989, under contract to PG&E's Department of Research and Development, Lawrence Berkeley

Laboratory(LBL) managed anddesignedthe installationof anadvancedelectronicallyballastedlighting

controlsystem at the WatergateTower I in Emeryville;Cafifomia. The purposeof the Phase 1 workwas

to measure the energyand peak demand redu_ion capabilityo! an electronicallyballasted fluorescent

lightingcontrolsystemunderactualbuildingconditions. An experimentalprotocolwas developedto allow

the savingspotentialof variouslightingcontrolstrategiesto beanalyzedseparately,where possible,and

inappropriatecombinations. To separatethe effectof simplyreplacingthe standard ballastswith more

efficientelectronicballastsfromthe impactof the improvedlightingcontrol,we measuredthe powerinput

to the four lightingcircuitsservingthedemonstrationsiteandlightlevelsat representativelocationsbefore

installingtheelectronicballastsorcontrols.Then,afterinstallingthesystem,we repeatedthe measurements

to assessthe change inlightingsystemperformancewithrespectto lightoutput,inputpower, and efficacy.

The experimentaldesign calledfor a sequence of tests rangingin durationfrom three weeks to several

months,duringwhichtime we measuredthe performanceof the newsystemand itscapabilitiesto exploit

the variouscontrolstrategies.

InOctober 1989, the lightingcontrolsystemwas calibratedto exploitalilightingcontrolstrategies,andthe

lightingsystem has been operatinginthis modesincethat time. In the reportsubmittedto PG&E for the

Phase 1 work, ali resultsobtainedbetween installation(May 1989) and the end of the Phase 1 contract

(December1989) were reported. The resultsfromthe initialtestsindicatedthatan electronicallyballasted,

dimmablelightingsystemwiththe appropriatecontrolstrategiescould reduceenergyandlightingdemand

byapproximately50% (RubinsteinandVerderber 1990). However,due to the necessityof measuringthe

savingsfrom strategiesindividuallyaswellas variousshakedownproblemsencounteredwhen thesystem

wasbeingcommissioned,the datawereonlycollectedfromalizonesusingalicontrolstrategiesduringthe

wintertime.Sincethesedata tendto underestimatethesavingspotentialfromcontrols,a follow-oncontract

was negotiated to permit the continuedtestingof the controlsfor a full year's duration, and this report

presentsthe resultsobtaineddudngthe entireyear of 1990.

!I " BUILDING DESCRIPTION= Layout

Thedemonstrationsitewas oneportionofthe sixthfloorof anofficebuildinglocatedinthe cityof Emeryville
ii

in the San Francisco Bay Area. The entire sixthfloorof thisbuilding,the WatergateTower 1, is leasedby

'i 00819121/918443/ppu276 2-1
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the InsurnetCompany.The site area is approximately4,544 ft2, or roughly22% of the sixthfloor'sgross

area. The buildinghas a relativelyunobstructedviewto the northand south.

The buildingarchitectureis conventional,withwindowsrunningthe lengthof ali the exteriorwalls. The

windowsare 6.5 ft highmeasuredfromthe topof the windowsill (40 inchesfromthe floor)to justbelowthe

levelof thedroppedceiling.The windowsare standardclear glasswithanestimatedtransmittanceof 88%.

The twowindowwallsrunningalongthenorthand southsidesof thedernonstrat,:: siteare equippedwith

looselywoven,heavy drapesthat can be drawnto reducethermal and visualdiscomfortwhen the sunis

lowinthe sky.Based on ou, visualobservations,the occupantson the northsideneverclosethe drapes,

apparentlybecausedirectsunpenetratesonlylate inthe afternoon(duringthe summer)when mostof the

occupantshave left. The ¢ccupants onthe southsideofthe buildingusuallyclosetheirdrapesfor mostof

the day andthen openthem atdusk.

Uses

Almostalithepeopleworkingonthe sixthflooruse computerterminalsfora significantportionof theirwork,

Because so many individualsuse CRT screens, the overhead lightingsystem had been previously

retrofittedwithsmall-celllouversto reducethe reflectedglare off the CRTs.

Many of the individualswork standardshifts,i.e., 8 A.M.to 5 P.M.However,a few individualswork at least

a fewhoursduringthe graveyardshift.Priortothe demonstrationproject,the lightsthroughoutmostof the

sitewere lefton at nightto accommodatethe needsof justa few individuals.

The office area in the south portion of the site consistsof partitionedcubiclesbranchingoff a linear

circulationaisle.These partitionsare 6 ft highand coloreda mediumlightbeige.Thoughthe partitionsare

notdark, theirheightissufficientto blockmuchof the daylightthat wouldotherwisepenetratedeeper into

the space.

In contrastto the southzone, the northzone is muchmore open: a few lowpartitionsare between some

desks.The north-facingzone receweslittleglarefromthewindows.Asinthesouthzone, CRT screensare

ubiquitous,and many individualshave antiglarescreensinstalled.

EXISTING LIGHTING SYSTEM

The exiting lighting system at the demonstration site consists of 4-1amp lay-in fluorescent troffers on 8-tl

centers.Theceilinglightingsystemoperateson 277 Vac. Inuse throughoutthesitewere34-W lampsand

'1 a mixtureof standardand energy-efficientcore-coilballastsof variousages.
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TI_, originallenses had been previously replaced with 1-inch "paracube" louversto reduce the amount of

_i_._,h..anglelig_'_tproduced by the luminaires. While relatively inefficient for fixture efficiency, the paracube

iouvers g_'eatlyreduce reflections of ceiling fixtures on the computer screens.

Prior to installationof the controls,the lighting system was controlledby rotary-type switches installed at

theentranceto theofficespace.If thelightswere notalreadyon, individualsenteringthespacewouldrotate

oneswitchto im:ficatetheir lightingzone andthen depressan adjacentswitchto activatetheir lights.The

shapeand size of these zones was dictatedby the existingbranchcircuitwiringfor the lightingsystem.

Generally,the occupant_didnotusethe entranceswitchesto anydegree.This functionwas leftto a security

guard,who turnedthe lightsoff fairlyregularlyat 3:30 A.M.andturnedthem on at approximately5:00 A.M.

DEMONSTRATION SYSTEM

A schematicof the entiresystem,includingthe associatedcontrolhardware, is shownin Figure 2-1.

Three-Lamp Electronic Ballasts

The high-frequency electronicfluorescent lamp ballasts used in this demonstration were advanced

commercialprototypesmanufacturedbythe BraydonCorporation.The ballastsconvert60 Hz alternating

currentto 65 khz, therebyincreasinglamp efficacyandvirtuallyeliminatingflicker.Each ballastoperates

three lampsratherthantwo,allowinghighersystemefficiencybydistributingtheballastlossesover a larger

numberof lamps.

Theballastscan bedimmedovera wide range:from100% to approximately20% oi full power.Lightoutput

at maximumdim is approximately15% of lull lightoutput.Dimmingis achieved either by a low-voltage

controlsignalto the ballastsorby a manualadjustmentof a potentiometermounteddirectlyinthe ballast.

In an installation,each ballastis connectedto a pairof wires (the controlwiring),which connectsali the

ballastsina givencontrolgroup.Alitheballastsina controlgroupdiminunisoninproportiontothe amplitude

of a 5-kHz square wave transmittedover the low-voltagecontrolwiring.

Controller

The controlleris anelectroniccircuitthat transmitsa variable voltagesignalon low-voltagewiresto control

the lightlevelsfor alithe ballastsina particularcontrolgroup.One controlleris requiredper controlgroup.

The controllerboardcan beusedto set the illuminationlevelmanually(froma potentiometeronthe board)
o

orautomaticallyinresponseto a signalfromceilincj-mountedphotosensors.In addition,the controllercan

serveasthe interfacebetweena buildingenergymanagementsystem(EMS) andthe lightingsystem.Thus,

....... u= =A_,,,ut=uby u_,,,,.jthe ":_"_ to ..... ;_o _,,-,,.,,,,,-,,.Io,_,,,-,,.,-,,.,-,onto_,_10me-ou-ouycontrolcan " .......... -' ..,-'--,-. ,.....,., function of
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time of day and year. When the controller is in automatic mode (i.e., photosensor control is in operation),

the set point light level that the controller will maintain can be changed by the building EMS as a function

of time. The controllers used in this demonstration project were manufactured by the Braydon Corporation.

The controller boards were mounted in the electric room; for many installations, itwould be more convenient

to mount them nearer the controlled lights to facilitate system calibration.

Input control from digital-to-analog converter

The controllersare designedto acceptanaloginputs(via a 4-20 mAcurrent loop)from an EMS to change

the suppliedilluminationlevel at differenttimes of the day or to respondto a demand monitor.For the

purposeof thisdemonstration,the controllerswere modifiedto extinguishthe lamps when suppliedwitha

5-V signalfrom an EMS input.Whenthe inputvoltagesupplied bythe EMSwas zero, the controllerwould

commandthe ballaststo fullpower.Bysupplyingvoltagesbetween0 and4 V, any intermediatelightlevel

canbeachieved.(Inputvoltagesbetween4 and5Vcauseunpredictableresults;followingthe manufacturer's

advice,we avoidedthisregion).Supplyinga 5-V inputcausedthe lampcurrent(and lightoutput)to goto

zero, but the ballasts _;;'t consumeda small amount of power (approximately 2 W/ballast).

The Watergate Tower is notequipped with an EMS capable of providing the variable command voltages

to the controller. Consequently, for this demonstration we used a Campbell Scientific CR-10 Data

Acquisition and Control Unitwith two 4-channel multiplexed digital-to-analog (D/A) converters to provide the

necessary voltage supply functions. We programmed the CR-10 to schedule the lighting operating hours

to provide reduced light levels for the cleaning crew. In addition, as described below, the CR-10 was used

to process switch inputs that were activated either from a preprogrammed schedule or from an override

system that the occupants could use to switch their lighting zones on and off as necessary.

CR-10 used for Scheduling Control

We programmed the CR-10 to implement a scheduling control scheme for weekday operation. This

scheduledrivesthe lightsto a reducedlightlevel(-35% of fullpower)at5 P.M.andswitchesthemoffat2 A.M.

thefollowingmorning.(Thisschedulewasbased onconversationswithmanagementto accommodatethe

anticipatedscheduleof thecleaningcrew.)Thus, inthe absenceof anyoverrides,the CR-10 wouldswitch

the lightson to reducedlevel for 21 hoursa day on weekdays.(No schedulewas imposed onweekends.

If occupantsneededlightingonthe weekends,they used the telephoneoverride.)Then, we programmed

the CR-10 to processswitch inputsas describedinthe followingsubsection.
1l,

!
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Switch Input Processing

Inthissite,an existingrelay-basedswitchingsystem(General ElectricProgrammableControlsystem)was

already in operationto controlthe lightingand HVAC systemsin other portionsof the Watergate Office

complex.The GE systemcan switchlatchingrelayson and off basedon anydesiredswitchingschedule

or on inputsfrom a telephone interface system.We used this system in conjunctionwith the CR-10 to

automaticallyswitchthe lightson at the beginningofthe workday andto processswitchinputsthatcan be

activatedby the occupantsusingtheir touchtonetelephones.

Weassignedthreerelaystothe system,eachrelaycorrespondingto a controlzone.Low-voltagewireswere

runbetween these relays and the CR-10 inthe sixth-floorelectricroom.The CR-10 was programmedto

checkthe stateof the relaysat 5-second intervalsandto commandthe lightingcontrollersto nominalfull

lightoutputas longas the relay was closed. The GE system,inturn, closesoropensthe relayseitherby

means of a preprogrammedschedule or in response to the telephone interface. Buildingpersonnel

programmedthe switchingsystemto close alithree relaysat 5 A.M.on weekdaysandopen themat 6 P.M.

When the CR-10 detected a closed relay, it commandedthe controllersto drivethe lampsat nominalfull

power. Once an opened relay was detected, controlof the lightlevel "droppedthrough"to the CR-10's

underlyingreduced lightingschedule.

In additionto the preprogrammedschedule,the GE system can also switcha particularrelay when so

instructedbythetelephoneinterface.This providedthe linkbywhichthe occupantscouldrestoretheir light

levelsto full,shouldthey need to work after 6 P.MoFurthermore,the systemwasinstructedto overrideany

telephone-inputoverridesat3-hour intervals.Thislastmeasurepreventsoccupantoverridesfromkeeping

the lightson unnecessarilyif the occupantsneglectto switch off the lightsthemselves.

Photosensors

To take advantage of available daylightand to compensatefor lumen depreciation,the controlsystem

requiresphotosensorsto measurethe illuminationinthe space (daylightpluselectric light).Noveltwo-part

photosensorsdeveloped by the Braydon Corporationwere used to compensatefor lumen depreciation

effects as well as to permit daylight-linkedcontrol.These photosensorswere mounted in the ceiling

immediatelyadjacent to selected fixtures in each control group (see Figure 2-2). Each photosensor

consistedof two photocells (siliconphotodiodes)mounted in a hollowplasticstalk (Figure 2-3). One

photocellwas mountedattheendofthe stalkaimeddownwardsintothespace,whiletheotherwasmounted

higher up the stalk and aimed upwards (at about45° to the horizontal)at the lampsof the immediately

adjacentfixture.The lowerphotocell,fittedwithanopaque shieldto preventitfromviewingoutthe window,

is used to providea measure of the daylightcomponentthat is approximatelyproportionalto the daylight

I 008191211918443/ppu276 2-6
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arrivingat the task surface (see Rubinsteinet al. 1989 for a more completediscussionof thistopic).The

upper photocellis sensitiveto the brightnessof the nearbyelectriclightas determinedby the angle of

acceptanceofthe photocell.By raisingor loweringthe stalk,the relativecontributionofthe uppersensor

to the total signalcan be varied.When the stalkis lowered,the outputofthe upperphotocellwillincrease

because it sees a largerarea ofthe lamps;the outputof the lower photocellremainsessentiallyconstant.

Calibratingthe response of the photo-controlsystem consistsof adjustingthe heightof the stalk and

trimmingthesetpointleveltothecorrectvalueforthe specificlightingconditions.Thiscalibrationis required

to maintainthe designedilluminationlevelat the taskfor each area. Thecalibrationprocessis described

in detail in Section3.

LAYOUT OF CONTROL GROUPS

For lightingcontrolsystems,thebuildinglightingsystemmustbesubdividedintoappropriatecontrolgroups.

A "controlgroup"isdefined asa groupof lightsthatarecontrolledtogetherto supplythe same illumination

level. Generally, these controlgroupsare organizedto accommodatethe functionalrequirementsof a

desiredcombinationof strategies.Forexample,to useavailabledaylighteffectively,controlgroupsshould

generally runparallel to the windowwalls. In a retrofitsituation,existinglightingwiring may have to be

preservedto minimize installationcosts.

Often, a controlgroupcorrespondsto a portionof a branchcircuitor the entire circuit.At the Watergate

Tower 1, both the daylightdisffibutionfrom the verticalglazing and schedulingrequirementshad to be

accommodated.Sincethe daylightworkplanelightlevelsdroprapidlyas onemovesawayfromthe window

(especiallyin the partitionedsouth zone), each stringof lightsrunningparallel to the windowwalls was

controlled.The existingbranchcircuitwiringdictatedthat pairsof these controlstringsbe operatedoff a

singlebranchcircuit.As showninFigure 2-2, thisgroupingformedsixindependentlycontrollablestrings

of lightsenergizedbythree branchcircuits(circuits9, 11,and 16).The controlstringswere numberedfrom

I to 6 and willbe referredto assuchthroughoutthisreport.Circuitzone9 servedthe area immediatelynext

tothe southwindowwall (Southdaylitzone)andencompassedcontrolstrings6 (nearestthewindow)and5.

Circuitzone 11 isthe interiorarea onthe southside(southinteriorzone) and includescontrolstring3 and

controlstring4, whichisdirectlyoveranaisleway.Circuitzone16servedthearea nextto thenorthwindows

(northdaylitzone) and includedcontrolstrings1 (nearestthe window) and 2.

Eachcontrolstringrequiresat leastonephotocellinputfordaylightand/orlumenmaintenancecontrol.We

used two photocellsper stringwith photocellsmountednearthe endsof each string.The exact photocell

• positionis dictated by practicalconsiderationssuch as avoidinglocationsthat may be susceptibleto

spuriousligi_treflections (e.g., sunlightreflectingoffplasticprintercovers).
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inadditionto the sixcontrolstrings,we establishedanotherarea, circuitzone 18, to serve as a reference

zone-againstwhichto compare the performanceof the controllablezones.Althoughsuch a groupwould

ordinarilybe termed a controlgroup,we use the term =referencezone" throughoutthis report to avoid

confusion.

INSTRUMENTATION

Electrical Measurements

The lightingpower and currentto the four branchcircuitsserving the demonstrationsite (includingthe

referencezone) were monitoredwith powerandcurrenttransducersinstalledin the electricroom.These

transducersaccuratelymeasuretruerootmeansquare(RMS) powerandcurrentregardlessof anycurrent

wave shapedistortion.Ali thetransducerswere mountedinan electricalenclosuremountedadjacentto the

lightingcircuitbreakerpanel. These watt and currenttransducerswere recentlycheckedfor linearityand

calibratedat the LBL Meter Shop.

Me,_;uringthepower atthebranchcircuitlevelwastheeasiestandmostconvenientmethodfordetermining

lightingenergyuse. Becauseeachbranchcircuitencompassedtwocontrolstrings,we couldonlydetermine

the totalpower to pairsof controlstringsratherthanthe power to each stringindividually.

Photometric Measurements

Light levelsat variouslocationsinthe sitewere monitoredwith anarray of photometerson the northand

southzones.Thesecolor-andcosine-correctedphotometers,Li-CorModel210S, wereusedformonitoring

purposesonly and should not be confusedwith the ceiling-mountedphotocellsused by the dimmable

lightingsystemto controlthe electric lightlevels.

North side. To get a representativemeasure of the daylightlevels at varyingdistancesfrom the north

windows,five photometerswere mountedina lineararray perpendicularto the northwindowwall. Fourof

the fivephotometerswereaffixedon 4-ftcenterstoa lowpartitionseparatingrowsofdesks.Thephotometer

nearest the window was approximately8 inches from the inside windowsurface,while the outermost

photometerwas 12 ftfurtherin. In additionto thesefourphotometers,we mountedOnephotometerdirectly

to the windowpointingoutwards.This photometerprovideda measureof the verticaldaylightilluminance

on the window. (See Figure 2-2.)

South side. The presence of tall partitionsinthe southzone complicatedinstallationof the photometric

array.At otherdemonstrationsites(Benton1989) withpartitions,ambientlightlevelshavebeen monitored

with photometers mounted atop the partitions. At Watergate, however, the lightingsystem (i.e., the
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dimmableelectriclightsanddaylight)isintendedtosupplyalilightingneedsatthetask,notjusttheambient,

level.Consequently,we elected to mountphotometersat desktopheightdirectlyto the edge of selected

partitions.(See Figure2-2.)

Temperature Measurements

" Sincefluorescentlightingsystemsaresensitivetochangesinambienttemperature,a typicallighlingfixture

in the southdaylitzonewas instrumentedwiththermocouplesto measuretemperatureinthree locations:

1. Minimumlampwall temperature.The thermocouplewas gluedto the bottomof the outer
lamp.

2. Lampcompartmentambienttemperature.The thermocouplewas positionedin the lamp
compartmentapproximately1 inchfrom the outerlamp.

3. Plenumtemperature. Thethermocouplewaspositionedapproximately1 inchabovethetop
of the fixtureprotrudingintothe plenumspace.

The locationof the fixtureinstrumentedwith thermocouplesis shownin Figure2-2.

Data Acquisition

The power and current transducers measuringthe lightingcircuitswere recordedusing a Campbell

Scientific21X Data Acquisitionand ControlUnit (12-bit precision).The CR-21X recordedinstantaneous

outputsfrom ali thewatt and currenttransducersevery 10 minutes.

AdditionalCR-10 DataAcquisitionUnitswere usedto measurethe outputsof the five photometersinthe

northzoneandthethree photometeroutputsandthreethermocoupleson a lightingfixtureinthe southzone.

These CR-10s were programmedto scan ali the photometers(andthermocouples)every minuteand to

storeaverages andstandarddeviationsevery 10 minutes.

Selection of the Baseline

To assessthe impactof any lightingconservationmeasureon energy use, the energyperformanceof the

lightingsystem mustbe comparedwith the conservationmeasureinstalledto anequivalentportionof the

buildingwhere the measure is notinstalled(the baselinecondition).With lightingcontrols,selectingthe

baselineconditioncan be difficultbecause lightingusagepatternsvary from day to day and season to

• season.Thus usingend-use data froma zone priorto installingcontrolsforthe baselineconditionmaynot

giveanaccuratepictureofthe energysavings.Alternatively,onecanselecta differentportionofthebuilding

. to serve as the baselineand thencompare the energyuse inthiszone to the zone(s)where the controls
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are installed;thisapproachis problematicbecausea differentportionofthe buildinghasdifferentpeople

workingthere andmay havedifferentusage patternsthanthe otherzones.

Inpresentingthe daily lightingenergy-usedata andthe lightingpowerprofilesfromthisdemonstrationsite,

we usedthe lightingenergyusageinthe referencezone asthe baselinecondition.However, intheenergy

savings summariesat the end of Section3, we applied a correctionfactorto the baselinezone data to

accountforthe fact thatthe referencezonecontainedonly17 fixtureswhereas alithe zones withcontrols

had 18 fixtures.

INSTALLATION

The lightingcontrolswere installedin May 1989: the existing2-1ampballastswere replacedwith3-1amp

electronicballastsinalithe fixturesinthesixcontrolstrings.Controlwiringwas runto eachfixtureina string

and wired backto the controllerboards inthe electricroom.Two controlphotosensorswere installedfor

eachcontrolstringand the photosensorwiringwas run backto the electricroom. Maintenanceconsisted

of simplywipingout any dht inthe fixturesand relampingwith new 40-W standard coolwhite fluorescent

lamps.

Since thefixturesinplace usedfour lamps(one2-1ampballastrunningthe inboardtubeswiththesecond

operatingthe outboardlamps)itwasnecessaryto removeonelampto accommodatethe3-1ampelectronic

ballast.Althoughthiswouldseemto implya compromiseinlightlevel,anelectronicballastcan providemore

light for the same input power than a conventional,energy-efficientcore-coil b_dlast.Moreover, these

particularballasts have a relativelyhighballastfactor (between1.07 and 1.08 as measuredin lab bench

tests), and we replaced34-W lampswdh 40-W lampsthat produceproportionatelymore light.Since the

ballastfactorforthe original34-W lamp/ballastsy'stemwasonly0.87, we anticipatedlittlechangeinfixture

lightoutput.

in additionto the measuresundertakeninthe sixcontrolstrings,the maintenancecrewalsowipedout any

dirt inthe fixtures inthe referencezone and relampedwith new34-W cool white lamps.

To take advantageof the lumenmaintenancecontrolstrategyincalibratingthe lightingcontrolsystemafter

relampingthe lightsinthe controlzones,we hadto adjusttheoutputto somevalue belowthefulllightoutput

levelthat they could provide.(If the lightlevelswere simplysetto full, the control systemwouldhaveno

"throttlingrange"left to maintainconstant illuminanceas the lightingsystemaged.) The levelto be set is,

to someextent,a judgementcallsincewe didnotrelampatthesametimethatmaintenancewouldordinarily

occur.Measurementsof lightlevels inthe referencezone indicatedthat lightlevels increasedabout33%
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(from45 to 60 fc) aftercleaning and relamping.Consequently,we decidedto set the lightlevels in alithe

controlzonesto approximately75% of full lightoutput(approximately75% of maximumpower,sinceforthis

system,lightandpowerchangeproportionately).Statedanotherway,we setthe lightlevelsto be provided

after installingthe controlsand relampingto approximatelythe same level that was in place before the

retrofit. In mostareasthiswas approximately45-50 fc.

Occupant Notification

Prior to commissioningthe control in May 1989, we alerted the buildingoccupantsin the control and

reference zones about lightingsystem modifications.The occupantswere also given instructionsfor

activatingthe lightingsystemintheir zoneswiththetelephoneoverridesystem. Priorto implementingthe

load-sheddingscenarioin December 1990 (see Section3 for results),the occupantswere notifiedthat a

load-sheddingexperimentwould be conductedduring that month. In January 1991 followingthe load-

sheddingexperiment,we askedtheoccupantsfortheircommentsonthatexperimentandtheirimpressions

of the lightingcontrolexperimentingeneral. This was notintendedto be a comprehensivesurveyof the

occupant responsebut ratherto see ifthere were any majorcomplaintsaboutthe lightlevelsprovided.

Photosensor Calibration Procedure

Calibratingthe response of the photosensorsis a criticalstep in establishinga properlyresponding,

photoelectricallycontrolledlightingsystem.Experienceatthe Lockheedbuildingin Sunnyvale,California

(Benton 1989), has shownthat the savingspotentialof a daylight-respondinglightingsystem can be

severely compromisedwithoutpropercalibrationand maintenance.Inthe presentdemonstration,proper

calibrationwas especiallycriticalsince,unlikethe Lockheedbuilding,wewere usinga uniquephotosensor

syste_ that couldbothcompensatefor lumendepreciationchanges and respond to availabledaylight.

To calibratethe system'sresponse,we firstselectedthe specificlocations(i.e., the controlpoints)where

we wouldprovidethe designlightlevel.(Becausethedaylightlevelsdroprapidlyas one movesawayfrom

the window,it is a physicalimpossibilityto providethe designlightlevel everywhere.) For simplicity,the

.controlpointswere chosento be 2.5 ft abovethe floor(desktopheight), immediatelyundemeath each

ceiling-mountedcontrol photosensor.Since there were two ceiling-mountedphotosensorsper control

string,there were alsotwo controlpointsper controlstring.

. We performedthe calibrationat atime whenthedaylightcontributiontothetotalilluminanceateachcontrol

pointwas lessthanthe design levelof 50 fc.This assuredthat someelectric lightingwouldbe necessary

to supply50 fc of total illuminationat the controlpoint.1With the electriclightsoff, we recordedboththe

lA design lightlevel of 50 fc (538 lux) was selectedto beconsistentwith lightinglevels provided in the referencezone.
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daylight illuminance at the control point using a hand-held photometer and the voltage output from the

control photosensor. From this measurement, the control photosensor set point level is determined. 2 For

example, if the control point illuminance was 30 fc and the photosensor output was 1.4 V, then the control

photosensor set point level was 2.33 V (50 fc + 30 fc x 1.4 V). A trim pot in the controller was adjusted to

make this voltage the set point voltage. Once the set point level was calculated and set, the photosensor's

sensitivity had to be adjusted to electric light relative to daylight by adjusting the distance that the control

photosensor projected below the ceiling plane (see Figure 2-3). This was accomplished by turning on the

electric lights in the zone, setting the controller to automatic closed-loop control, and measuring the resultant

total illuminance at the control point. If the light level at the controPpoint was below 50 lc, we dropped the

photosensor down a small amount. (The photosensor was raised a little if the light level was too high.) We

measured the light level again and readjusted the photosensor depth until the design level was achieved.

As a final check, we then closed the drapes to greatly reduce the daylight level and checked to make sure

that the design light level was still provided.

2When properlycalibrated, the set point level is the cpecificcontrol photosensor output voltage that the system will attempt to
maintainunder alidaylighting conditionsby raisingor lowering the electric lightlevel.
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Section 3

RESULTS

A YEARLONG "=ROFILE

This reportpresentsdata for the entireyear of 1990, when ali lightingcontrol,.trategieswere used. To

• ana_ze the effec:of the integratedcontrolstrategieson lighting energyuse, we calculatedthe lighting

energyuse per zonepsr day for eachday of the year. Forclarityof presentation,we splitthisdataset into

__ weekdays and weekends because the usage patterns were significantlydifferent. We then further

subdividedthe weekdaydatasets intodaily lightingenergyuse duringcoreoperatinghoursonly (6 A.M.to

6 P.M.) andlightinguse overthe entireday. Dividingthedata inthismannereffectivelyallowsone to isolate

the effectof scheduling---astrategythat (in thisbuildingtype) onlysaves energyduringnoncore hours.

Lighting Energy Usage on Weekdays

Thelightingenergyuseperweekday in 1990 isgraphedin Figures3-1 through3-3 forthenorthdaylit,south

daylit, andsouthinteriorzones, respectively.Ineach case, the energyuse for thezone is comparedwith

the useinthe referencezone. Several patternsimmediatelyemergefromthese graphs.First,itisapparent

thatthe lightingenergyuse isconsistentlymuchlowerinthezoneswithcontrolsthaninthe referencezone.

The northdaylitzone (Figure3-1) is particularlystrikingbothas to large energysavingsover the year as

well as the obviouseffect of the time of year on the energy usage. The usage in the north daylitzone

averages17 kWh/dayduringthe summerbut over25 kWh/dayduringthe winter.The effectof the time of

yearontheenergyuseinthenorthzone isevenmoreapparentinthecore-hourdata (Figure3-1B) because

thedata are undilutedbythe effectof after-hoursusage.Theeffectof time of year isfar lessnoticeablefor

thesouthdaylitzone, whichhasonlyslightlylowerusageduringthesummerthanduringthe wintermonths,

evenfor the core-hoursonlydata (Figure3-2B).

Despitethe seasonalsimilarity,the northdaylitzone showslowerusageat thebeginningof the year than

at the endof year becausethe controlsystemcompensatesfor lumendepreciation.Sincethe lampswere

older at the end of 1990 and therefore produced less light, the controlsystem compensatedby slightly

increasingthe energyusageto providea constantilluminationlevelthroughoutthe year. This, of course,
J

isexactlyhowthe lumenmaintenancestrategyis supposedtowork.However,to ourknowledge,thisis the

firsttimethatthisstrategyhasbeenconclusivelydemonstratedina "real"building.Furthermore,the results

indicatethat the photosensorcontrol technique adopted in this demonstrationboth compensates for

changesinavailabledaylightandcorrects forlumendepreciation.Lumenmaintenanceis discussedfurther
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The largedrop inenergyusage inthe southinteriorzoneduringthefallisduetothe factthat the lightsover

the aislewayinthe southzone weretunedto one-half levelon September23 andwere leftthat wayforthe

remainderof the year. Tuning is discussedfurther in Section4.

/

Lighting Energy Usage on Weekends

The lightingenergyusage on weekenddaysfor alizones isplottedin Figure3-4. This plotshowsthat the

energyusageonweekendsisveryvariableinalizones. Despitethisvariability,itisclearthatfar lesslighting

energywasusedinalithecontrolzonesthaninthereferencezone. Infact,the energyusageinthereference

zoneissometimeshigherthanonweekdaysbecausethelightsinthiszoneweresometimesleftontheentire

day.This neveroccurredinthecontrolzonesbecausethelightswereprogrammedto sweep offeverythree

hours.

TYPICAL DAY LIGHTING POWER USAGE

Havingshownthe dailyenergy-usepatternsforalithe data collectedfor1990, we nowpresentthe lighting

powerasa functionoftimeof dayfor representativedaysoftheyear.Theselightingpowerprofilesaregiven

in Figures3-5 through3-7 for days nearthe springequinoxandthe summerandwinter solstices.

In ali cases, the lightingpower consumedin the zones with controlsis significantlyless than that inthe

referencezone. (The "sawtooth"profileobservedinthepowerplotforthereferencezoneisdue toa cycling

thermalprotectionswitchinoneof the magneticballasts.When the HVACsystemisoff, the plenumheats

upsufficientlyto causethat onebaUast'sthermalswitchto cycle.The ballastdoes not usuallycycleduring

the daytimehourssince the HVAC is on and keepsthe plenumcooler).

Theplotsindicatethatthere issignificantdimmingoccurringinthenorthandsouthdaylitzonesthroughout

daylighthoursat alidays oftheyear, whilethe powerreductioninthesouthinteriorisgenerallyminimaldue

to the distanceofthis zone from the windows.While the power profilesfor the northand south zones are

reasonablysimilarduringthe winter,greaterreductionsare seeninthe northzone compared to the south

zones duringthe springandfall. Evenduringnon-daylighthours,the lightingpower use in ali the control

zones is lowerthanthe referencezone. This differenceis due to twofactors: (1) the lightlevelsafter the

retrofitwere set to approximatelythesame as beforethe retrofitratherthanto maximumlightoutput,and

(2) the electronicballastsare more efficientthan the energy-efficientcore-coil ballaststhey replaced.

The lightingloadinthe zoneswithcontrolsdidnotdropto exactlyzero between2 A.M.and5 A.M.This small

• butnonzeroloadisattributabletothe factthat,whenthe lightsarecommandedto zero,someresidualpower
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Figure3-4. Plotof dailyenergyuse on weekenddays fornorthdaylitzone, southdaylit zone, and
south interiorzone comparedto usagein reference,zone. Dailyusage is computedfor
entireday (midnightto midnight).
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Figure3-5. Lightingpowerin allzonesfortypicalweekday(January9) nearthewintersolstice.
(The "sawtooth"patternseen in thepowerfor the referencezone is due to a cycling
thermalprotectionswitchin one of themagneticballastsin thatzone.)
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Figure 3-6. Lightingpower in ali zones for typicalweekday(March23) near thespringequinox.
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Figure 3-7. Lightingpowerinalizonesfortypicalweekday(June20)nearthesummersolstice.
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is still consumedbythe ballastseven though lamppoweris zero. This is clearlya very smalleffectand is

dwarfed bythe energysavings.

EFFECT OF DRAPES ON ENERGY SAVINGS

To illustratewhytheenergysavingsinthesouthdaylitzonewere lessthanthat measuredinthenorthdaylit

zone, we presenta plotof the lightingpowerusage inthe southdaylitzone for oneday (Figure3-8). The

lightingpowerusagedropsprecipitouslyatthe beginningoftheday (i.e., between8 A.M.and9 A.M.)as the

direct sunstartsto penetratethe south-facingwindows,andthe controlsystemrespondsbydroppingthe

suppliedelectriclightlevel. Becauseof theglareand thermaldiscomfort,the occupantsclosethe drapes

at around9:00 A.M.This greatlyreducesthe glarebut alsocausesthe controlsystemto supplymore light

and increaseenergyuse.Attheendof theday (i.e.,around4:00 P.M.),the lightingpowerusagedropsagain

when the occupantsopenthe drapes. This patternof usagewas often observedforthe southzone. Inthe

north zone, however,the sunonly rarely penetratesthewindows(andthen onlyatthe very end of the day

after most individualshaveleft).

ENERGY SAVINGS WITH DAYLIGHTING ALONE

To estimatethe energysavingsattributableto daylight-linkedcontrolindependentofthe savingsfromother

strategies,we have usedthe lightingpower data measuredon March 23, 1990. Sincethisday is nearthe

springequinox,the lightingsystem'sperformanceon thisday can beconsideredan averageforthe entire

year. Usingthe curvesfrom Figure 3-6, we calculatedthe lightingenergyuse in each of the three control

zones betweenthehoursof6 A.M.and 6 P.M.andcomparedthesevaluesto theenergythatwouldhavebeen

used ineachofthesezonesifthe lightingpowerwereconstantat1.76,1.97, and1.74 kWforthenorthdaylit,

south daylit,and southinteriorzones, respectively,throughoutthis 12-hourperiod. (The constantvalues

are slightlydifferentinthevariouszones dueto differencesincalibration.)Thiscalculationshowsthatthe

energy savingsattributableto daylightalonewas 48% inthe northdaylitzone,33% inthe southdaylitzone,

and 9% in the southinteriorzone. Note that these values shouldbe used with some caution. The day

analyzedwas a clear day;the energy savingswouldbe somewhatloweron a cloudyday. We havedone

the calculationbetween6 A.M.and 6 P.M.,not overthe day. If we had donethe calculationover the entire

day, the energy savingswould,of course, be smaller.However,this methodis probablymoreuseful for

estimatingthe energysavingspotential of daylightingin new buildingswhere,becauseof increasedlocal

switchingrequirements,the lightinghours of operationmay be less than inolder buildings.

ADDED EFFECT OF TUNING

Since September1989, we had implementeddaylighting,scheduling,and lumen maintenancein ali the

controlzones. Because the savings due to daylightingwas only marginalin the interiorsouthzone, in
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September1990, we implementedthe tuningcontrolstrategyinthe south interiorzone by reducingthe

outputof controlgroup4. This stringof lightsis directlyoverthe aislewayand contributeslittleusefullight

to nearbywork surfaces.

To obtain a more accurate handle on the energy savingspotentialof thisstrategy independentof other

strategies,we analyzed the energyuse in the south interiorzonefor the 2-week period beforeand after

tuningthe aisleway lightsto lowlevel. (Note that althoughthe southinteriorzone containstwostringsof

lights, only string4 was tuned to a low level. The other stringof lightscouldnot be tuned downwithout

negatively affecting productivity.)Before tuning, the average daily lightingenergy usage (calculated

midnightto midnight)was 30.5 kWh/day. Afterthe aislewaylightswere tuned down, the averagedaily

lightingenergyusedroppedto 24.5 kWh/day--a 19.6% reduction.Sinceonlyone stringoflightswastuned,

the reductioninthat stringwas approximately,',0%.

LOAD-SHEDDING TESTS

Three lighting control strategies were implemented simultaneously in ali the control zones until

September 1990, whentuningwas addedto thepaletteof strategiesbeingtested inthesouthinteriorzone.

At this point,the only remaininglightingcontrolstrategyto be testedwas load shedding--a strategythat

modestlyreduceslightingdemandforshortperiodsof timeto lowerpeakdemandcharges.Becauselighting

loadswouldgenerallyonly be reduceda smallamount(10-25%) for a shortperiod of time (i.e., less than

one hour), load sheddingdoes not save muchlightingenergy, but rather is intendedto reduceoperating

costseither by avoidingthe incurrenceof a peak-demandratchetchargeor by respondingto a real-time

pricingsignalfromthe utilitycompany. (Theway inwhichwe implementedloadsheddingatthe Watergate

complex,for example,wouldreducedailylightingenergyuseby lessthan 1%.) Practicallyspeaking,ifthe

strategy is intended to avoid a ratchet charge, a buildingdemand monitor is required as input to an

(intelligent)controlsystemsothat the systemwouldknowwhento reducelightlevels, howmuchto reduce

them, andforhow long. In addition,thisstrategywouldprobablybe implementedsothat nonlightingloads

(suchas fans and chillers)wouldalsobe shedon an appropriatelyprioritizedbasis. If,on the otherhand,

the strategyisimplementedto be responsiveto a utility'sreal-timepricingsignal,then a linkfromthe utility

wouldbe required.These schemes are stillquite experimental,and we know of no commerciallighting

controlhardware/softwarepackagesthat explicitlyimplementthese schemes.Nonetheless,we wantedto

examinethe potentialof a dimmable lightingcontrolsystemfor load-sheddingcontrol.
q,

Since we had neither a buildingdemand monitornor a real-timepricinglinkto use as inputto the control

system,we simulatedthe inputby arbitrarilydroppinglightlevelsinali controlzones byabout15% forone

houra day between 2:00 P.M.and 3:00 P.M.on weekdaysduringDecember.To assess whetherthere was
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anyoccupantresponseto thisstrategy,we toldtheoccupantswhatwe intendedto do (althoughwe didn't

tell them exactly whenthe lightlevelswouldbe dropped).In January1991, PG&E sent a questionnaireto

learn whetherthe occupantsnoticedany abruptchangesin lightlevelsin the afternoon.Only 10% of the

" occupantsnoticedthedropin lightlevel.Those thatdiddescribedit as=mildlydistracting."When we were

demonstratingthedropinlightleveltosixofthebuildingmanagementpersonnel,onlyoneindividualnoticed

• theabrupt 15% changeinlightleveleventhoughtheyknewexactlywhenthe changetookplace.Since the

systemchangedlightlevelsrapidly(inlessthan 2 seconds),we speculatethat no onewouldhave noticed

the change ifthe systemresponsewere moredamped.

The lightingpower levelsinali zonesforoneday duringthemonthoftheload-sheddingtest (December13,

1990) is presented in Figure 3-9. Light levelsmeasuredon the northdaylit zone for the same day are

presentedin Figure3-10. Thesefiguresindicatethatboth lightandpowerwere reducedby approximately

15% duringthe 1-hourintervalbetween 2 P.M.and3:00 P.M.

LIGHT LEVEL MEASUREMENTS

North Zone

The lightlevelsmeasuredbythe monitoringphotometersmountedatvaryingroomdepthsinthe northzone

areshownon Figures3-11,3-12, and3-13. Thesame days--January 9 andJune 20--used for Figures3-5

and3-7 werealsousedforFigures3-11 and3-13. The photometerdatafor March23 (Figure3-6) were not

available,so Figure 3-12 uses March9. However,becausethetwo days are at similartimesof year and

were similarinterms of skyconditions,they are comparable,lt is significantthat, despitethe substantial

electricdimming,thelightlevelsremainedrelativelyconstantthroughouttheday.This isclearevidencethat

the daylightingcontrolswere properlyfunctioningby providinga reasonablyconstantilluminanceat the

workplane while permitting substantialreductionsin lightingload. The light levels measured by the

photosensornearestthewindoware notconstant,whichis notdue to anyfailinginthe controlsystembut

ratherto the distanceof this monitoringphotometerfrom the locationat which the controlsystemwas

calibrated(immediatelyunderthe controlphotosensors).Aliotherthingsbeingequal,an equi-illumination

lightingsystemwill tend to oversupplyilluminationat locationsthat are closer to the windowsthan the

stationpointand will undersupplyilluminationat locationsfarther fromthe windowsfrom the stationpoint.

South Zone

Light levels measured by the monitoringphotometersin the south zone are given in Figure 3-14 for
=,

December24, 1990.The readingfromthe photometernearestthe windowwall (9 ft infromthe window)is

offscalebetween 9:00 A.M.and 11:00 A.M.becausethisphotometerhas anunblockedviewof thewindow

andthe daylightlevelsare quitehighduringthisperiod.The photometerat 9.3 ft fromthe windowwall is
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Figure 3-9. Effect of load shedding on the iighdng power in ali zones for a typical day (December
13, 1990).

00819121/918443/ppu276 3-14



" Illuminance (lux)
i i i

. 1200 _ ,

mm

400 ""
Distance from window:

......... 0.5ft .....

.... 4.5ft

200 ...............
, 8.5ft

f. I , ,... I , , , I • _ I I ...I I ..._ I _ _ .,

0 400 800 1200 1600 2000 2400

Time of Day (hour)

F'qp_re3-10. Wcckplaneilluminance(42"abovefloor)atvaryingdismnce,s fromncmhwindowfor
vlpicalweekday(December13.1990)duringload-sheddingtest.

00819121/918443/ppu276 3-15



Illuminance (lux)

1200 ' .

1000 , .."''".

o _'_ee

. =

|

; .,. ,
800 - ._--

/" I
f :,,_ ,_._J: .,.60O I -- • ,_

400 Distancefromwindow:
......... 0.Sft

Illl_l Imllmll Im_l IIIImm.

--...--- 4.5 ft
200 ...........

, 8.5 ft

12.5 ft

0
0 400 800 1200 1600 2000 2400

Time of Day (hour)

Figu_ 3-I I. Workplaneilluminance(42"above floor) at varying d/stancesfromnorthwindow for
typicalweekday(January9) nearthe wintersolstice.

i
|
-i

00819121/918443/ppu276 3-I 6

_i



' Illuminance (lux)

. 1600 .........

400 ......... o.5ft
---- --- 4.5ft

drmzln, _ aimm ailnmm Ioinm lilp

200 ,, 8.5ft ...........
12.5ft

0
0 400 800 1200 1600 2000 2400

Time of Day (hour)

Figure3-12. Workplan¢illuminance(42"abovefloor)atvaryingdistancesfromnorthwindowfor
typicalweekday(March9) nearthespringequinox.

i
i 00,19121/918443/ppu276 3-17(I

,i



Illuminance (lux).

2000
: I

1800
I

I

' !
1600 .'" /

I

: I
1400 .: I

o °° • I

1200 "" I
• eO IomO

1000 "" .... "" J• /
o 0

8OO '

/:
600 %

I

400 ,_ ......... o.5ft
-------- 4.Sft

=iBm= tamm= _ ==,

200 s.sft
,, 12.5 ft

___ I i

0 4()0 800 1 200 1 600 2000 2400

Time of Day (hour)

Figure 3-13. Workplane illuminance (42" above floor) at varying distances fzom north window for
typical weekday (June 20) near the summer solstice. The missing parts of the curves
are at times when the measuring instrumentation went off scale due to direct sun

falling on the workplan¢ photometers.

_i 00819121/918443/ppu276 3-1 8

,i



Illuminance (lux)
A

1400 ........
,m

Distancefromwindow:
1200 ......... 15.4 ft

.... 9.3 fl (blocked)

1000
, 9 ft (unblocked)

800

0 L__:- "= _ ,,__1 _ I I I n ' '

0 400 800 1200 1600 2000 2400

Time of Day (hour)
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parts of the curve at 9 ft from the window because the measuring instrumentation
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mountedtotheoppositesideof thepartitionandisthereforeblockedfromseeingthewindow.Consequently,

this photometershows more moderate lightlevelsthat are fairly constantthroughoutthe day at about

560 lux.The photometerat 15.4 ft fromthewindowalsoshowsrelativelyconstantlightlevelsbutat a lower

level(approximately300 lux).The lowlightlevelshereare causedbythe partition,whichblocksdirectlight

fromthe closestluminaire.Thedip in lightlevelbetween2 P.M.and3 P.M.wasa resultof the load-shedding

test. Despitethe difficultiesinthe interpretationof the data, the readingfromthese photometersindicates p

thatthe controlsystemis doinga satisfactoryjobof maintainingrelativelyconstantlightlevelsthroughout

the day, regardlessof daylight level.

TEMPERATURE MEASUREMENTS

Lamp wall temperature, fixture compartmenttemperature, and plenum temperature for one day in

January 1991 are shownin Figure 3-15. The lightingpower for the zone (southdaylit)that contains the

thermocouple-instrumentedfixture is superimposedon the same graph for reference.Over the day, the

lampwall temperaturerangedfrom29°C withthe lampsoffto 46-50°Cwith the lampsatnominalfulloutput.

As expected, the lamp temperature tracks fairly closely to changes in lightingpower. The fixture

compartment temperature is 6-12°C belowthe lampwall temperature;when the lampsare off (between

3 A.M.and5 A.M.),thevaluesare thesame (29°C). Theplenumtemperatureisthe leastsensitiveto changes

inlightinginputpower.Despitethe relativelylargechangesinlightingpower,the plenumtemperature varies

onlybetween 26°C and28°C. Inspectionofthetemperaturedataforotheroccupieddaysduringthe winter,

at least, indicatethat the plenumtemperaturesare fairlyconstantfromday to day.The relativeconstancy

isof interestsincestandardfixture photometryisperformedatan ambienttemperatureof 25°C. Obtaining

plenumtemperaturesonly slightlyhigherthan 25°C suggeststhat the inclusionof an applicationthermal

factortoaccountforthedifferenceinthetestandfieldconditionsinthedesignprocessmaybe unnecessary.

LUMEN MAINTENANCE

To demonstratethatthe photocellcontrolsystemadequatelycompensatedfor lumendepreciationeffects

overthe longterm,we have examinedthe lightlevel measurementsobtainedat the workplane usingthe

monitoringphotometersinthe northzone. To separatethe confoundingeffectsof daylight,we examined

one day from eachweek of the year and selectedthe light level readingstaken duringthe early morning

hoursbeforesunrise.Figure3-16 showstheseresultsforthe photometersmountedat4.5 ft and8.5 ft from

thewindow.The plotandlinear regressionforthephotometerat4.5 ftfromthewindowshowsnosignificant

correlationto time of year (R2 = 0.147) as wouldbe expectedfor a systemthat maintainsa constant light

levelindependentoftime of year. The linearregressionfit to thedata fromthe photometerat 8.5 ft fromthe

windowdoes show a small increase in light,but since the coefficientof fit is only 0.476, the increase is

probablynot significant.The increaseaveragesto onlyabout3% per year comparedtothe 9.5% increase
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Figure 3-15. Lamp wall, fixtm'e compartmem, and plenum temlx_ures in the fixture instrumented
with thermocouples on January 18, 1991 (clear day). The lighting power to the south

, daylit zone containing the instrumented fixture is also shown.
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incoreenergyconsumptionovertheyear (see"EnergySavings,"Table3-1). Thesmallincreaseinlightlevel

is probaolydue to a slightmiscalibrationof the secondstringof lightsinfromthe windowwall.

ENERGY SAVINGS

Table 3-1 summarizesthe averageannualandseasonalweekdayenergyuseforthe three lightingcontrol

zones and the reference zone during1990. The seasonal averagesfor spring, summer,and fall were

computedbyaveragingthe energyusageovera 1-month-longperiodcenteredaroundtheequinoxesand

the summersolstice (i.e., March 21, June 21, September 21). The winter usage is showntwo ways: by

averagingthe lightingusage betweenJanuary 1 and January 31 and by averagingthe usage between

November13 and December 13. Alsoshownis the variabilityof theaveragedailyenergy use expressed

asthestandarddeviationofthe individualdailyenergyusecalculatedoverthenutuberofdaysinthe interval.

Thepercentsavingsforeachcontrolcasearecalculatedrelativeto thecorrecteddailyuseforthe reference

zone averagedover the year.

The daily lightingenergy savingsaveragedover the year is 49-62%. Duringthe summer,the energyuse

duringcore hours in the north daylitzone is less than one-fourthof the usage in the reference zone.

Interestingly,the usage inthenorthdaylitzoneisconsistentlylessthanthatinthe southdaylitzonebecause

the southzoneoccupantsusedrapesto reducethe directsunpenetrationthatwouldotherwisecause glare

and excessheating inthiszone.

Bycomparingthe usagefor November13-December13tothatofJanuaryi -January31, theeffectof lumen

maintenanceis clearlydiscernible.Basedon the core hourusageoverthis 11-monthperiod,the energy

usage is9.5% higherinthe northdaylitzone at the endof thisperiodthanat the beginning.Similarresults

are seen in the south daylitzone. (The negative percent changefor the south interiorzones are not

meaningfulforthiscomparisonsincethecontrolstringovertheaislewayinthiszonewastunedtoa lowlevel

inSeptember.)There is a differenceinusagebecause atthe endof thisperiodthe lightingsystemhas to

supplymorepower (andthusconsumesmoretotalenergy)tosupplythesame lightlevelbecauseof lumen

depreciation(see Section4).

The daylitzones generally savedmorethan the interiorzone becauseof the lack of daylightinthe inner

zone. However, by reducingthe lightleveloverthe aislewayinSeptember,we reducedthe energyuse in

. the interiorzoneasweil.Thisismosteasilyseenbycomparingtheusageinthespringandfall.Whilea small

portionof this differenceis dueto lumen maintenance,mostof the differenceis attributableto the tuned

lightingover the aisleway.The energysavingsinthe southinteriorzone tendsto be lessthan that of the

daylitzones because of the negligibledaylightinthis interiorzone.
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Table 3-1

Average 1990 Weekday Lighting Energy Use

Core Hours Only--6 A.M.-6P.M. Ali Day
_. (kWh/zone/12-hr),. . (kWh/zone/day)

Period South South North South South North
Dayllt Interior Dsyllt Reference Dayllt Interior Deylit Reference

=ii

Annual
Jan 1-Dec 31 Average 16.0 17.5 11.8 31.3a 27.9 28.0 21.4 57.0a

259 days Std. Dev 3.0 3.0 3.9 5.0 4.5 4.8 4.5 9.0
%Saved b* 48.8% 44.2% 62.4% 51.1% 50.8% 62.4%

Spring
Mar 8-Apr 5 Average 15.0 18.1 9.9 29.6 27.1 28.1 19.1 53.0

20 days Std. Der 3.6 4.3 2.5 7.0 6.6 6.7 4.5 11.9
% Savedb 52% 42% 68% 6% 52% 51% 67% 7%

Summer
Jun 8_ul 6 Average 13.4 17.6 7.5 27.8 24.6 29.0 16.7 50.7

20 days Std. Dev 3.1 4.3 1.7 8.8 4.8 6.0 3.0 13.7
% Savedb 57% 44% 76% 11% 57% 49% 71% 11%

Sep 8-Oct 6 Average 16.9 15.2 11.8 29.1 27.9 24.8 21.2 52.1
17 days Std. Dev 4.7 4.3 3.5 7.5 6.8 6.2 5.2 11.8

% Savedb 46% 51% 62% 7% 51% 56% 63% 8%

Winter
Jan 1-Jan 31 Average 17.1 18.7 15.5 29.9 28.4 28.6 23.7 53.0

23 days Std. Dev 1.9 0.6 1.3 0.6 3.3 3.3 2.0 4.5
_ % Savedb 45% 40% 51% 5% 50% 50% 58% 7%

Nov 13-Dec 13 Average 18.2 14.7 17.1 28.4 30.4 24.2 27.5 52.9
23 days Std. Dev 3.3 1.5 2.4 6.2 4.4 2.0 2.6 10.4

% Savedb 42% 53% 45% 9% 47% 57% 52% 7%
Winter % Change 6.0% -27.4% 9.5% -5.3% 6.3% -18.1% 13.5% -0.3%

aCalculatedenergyuse multipliedby 18/17tocorrectforthesizedifferenceofcontrolandreferencezones.
bSavingsrelativeto correctedannualaverageusageinreferencezone.
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The energysavingsmeasuredonweekendsare giveninTable 3-2. The savingsonweekendswere quite

signifi_:;_;ntbut show far greater variability than the savings on weekdays. The results are plotted in

Figure3-4.

Table 3-2

Average 1990 Weekend Lighting Energy Use (kWh/zone/day)

alncludes 18/17 multiplierto correctfor differencein sizeof controland relerence zones.
bSavingsrelative to correctedannual average usage in referencezone.

PEAK DEMAND

Since the energy savings and power reduction capabilities of controls are both of interest to utilities, we

analyzed the data in terms of maximum demand between May and October (PG&E's summer utility

schedule).We examinedthe lightingpower in ali zones between the hoursof 12:00 noonand 6:00 P.M.,

whichcorrespondstoPG&E'son-peaktimeforthesummerschedule.Figure3-17 showsthedailymaximum

lightingpower readingfor each day duringthis intervalfor ali controlzones and the referencezone.
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Figure 3-17. Maximum weekday lighting demand, May 1 to October 31, 1990, fJom 12 noon to
6 P.M. for north daylit zone, south daylit zone, south interior zone, and reference
zone.
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Section 4

DISCUSSION

LUMEN MAINTENANCE

One ofthe majorobjectivesof thisprojectwas to documentthe long-termenergysavingsfrom the lumen

' maintenancecontrolstrategyand demonstrateappropriatephotosensordesign techniquesrequiredto

implementthis strategy effectively.Because the lumen depreciationeffect that this control strategy

respondsto is,bynature,a long-termphenomenon(lampsloseonlyabout5% per year undertypicaluse),

the strategycanonlybeverifiedfromlong-termmeasurementssuchasthetypepresentedhere. Intheplots

shownearlier, the lightingusage atthe end of 1990 was clearlyhigherthan at the beginningof the year.

Averagedbetweenthe southandnorthdaylitzones,this increaseinusagewas approximately8% overthe

year,whichisconsistentwiththelumendepreciationrateexpectedinsuchanenvironmentwiththesetypes

of lamps.(Dirtdepreciationalsoplaysa rolehere. In a relativelycleanenvironmentsuchas officebuildings,

dirtdepreciationof 5% per year istypical).Furthermore,we have shownthat the lightlevelsmaintainedby

the electriclightsystemremainedgenerallyconstantover the year. (Notethat this long-termconstancyo|

lightlevelsisincontrastto a conventionallightingsystemwhoselightoutputwoulddropover thistimeperiod

butwouldconsumeconstantpower.)Thecombinationofthesetworesults(i.e., anincreaseinlightingpower

while lightlevelsstay constant)servesto prove that lumenmaintenancecan be an effective strategyfor

reducingthe lightingenergyrequirementsinbuildingswhile maintaininglightlevels.

ltshouldbe noted,however,thatthisstrategyworkedonly becausewe setthe lightingpowerinputto 75%

ofmaximumratherthanfullpowerwhenthesystemwasfirstinstalledinanticipationofthe expectedamount

of lumendepreciation.One wouldexpectthat the slowincrease inlightingconsumptiondocumentedhere

willcontinueuntil,after about 3 years, the lightingpower wouldapproachmaximum (i.e., 100%). At this

point,the lightingsystemwillhaveto begrouprelampedandthe fixturescleanedit the lumenmaintenance

savingspatternistobe repeatedoverthenext maintenancecycle.If, ontheotherhand, the lampsare spot

replacedas they fail,then the savingsaccruedwiththisstrategywill be reduced.

DAYLIGHTING

Certainly one of the more surprisingresults of the summer lightingenergy usage pattern was the

significantlylargersavingsfoundinthe north zone than in the southzone. Becausethe occupantsinthe

southzoneclosethe drapesduringmostworkinghoursto reducetheglareandthermaldiscomfortcaused

bythedirectsun,they solvethe glareproblematthe expenseof energysavings.The drapesinthisbuilding

are of a heavy, coarse,loose-weaveconstructionthat reducesthe incominglightby nearly a factoroften.
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TUNING

Electriclightingusagewasreducedby40% bytuningtheentirerowof lightsoverthe aislewayto a lowlevel.

Extrapolatingthistuningsavingsto otherbuildingtypesis hazardous.Everyfloorplan designisuniqueand
4

mustbe consideredindividually.However, it shouldbe notedthatthe type oftuningpracticedhere isonly

the simplest form of this strategy. The ballasts used in this demonstrationprojectcan be individually

adjustedwith a potentiometermounteddirectlyto the ballast.

PHOTOSENSOR CONTROL

Thetwo-partphotosensorsystemworkedremarkablywell inmaintaininga constantworkplaneilluminance.

To our knowledge,this is the first demonstrationof a closed loop photosensor-controlledsystem that

correctlycompensatesfor bothchanges indaylightandlumendepreciationinthe electriclightingsystem.

This wasverifiedbothinthe openofficearea inthenorthzoneandinthepartitionedofficearea inthe south.

The use of a controlphotosensor,whose responsecan be adjusted so that the relationshipbetween

photocelloutput and workplane illuminanceis the same for daylight and electric light, is one of the

outstandingfeaturesof thissystem.Withoutthisphotosensor,systemresponsecan beoptimizedforeither

daylighting(byusingopenloopcontrolasat Lockheed[Benton1989] orwithclosedloopproportionalcontrol

[Rubinsteinetal. 1989])orlumenmaintenance,butnotbothsimultaneously.Thenaturalintegrationofthese

two photo-linked strategies is of great significancesince the overlapping hardware requirements

(i.e., dimmabilitywith photosensorcontrol) andthe sizeable energysavings are necessaryto justifythe

premiumcostof dimming hardware.

OVERRIDE USE PATTERNS

We foundthatthe overrideswere used primarilyto raisethelightlevel fromthe defaultreducedlevelto the

nominalfull levelduringveryearly morninghours,ltisalsosignificantthatali threezones, notjustone,were

oftenoverridden,whichcouldbe dueto the masteroverridesequencebeingusedinsteadof theindividual

zonesequence(perhapsoutofoccupantignorance), ltmayalsobethatthe occupantintentionallyoverrode

the lights inalithree zonesbecause work neededtobe done inmorethan onezone. Regardless,onecan

deduce from the switchingpatternthat at leasta few individualswork inparts of thissite inthe very early

morninghoursand thatthey leavebetween2 A.M.and3 A.M..Sincethe reducedcleaningcrewlevelisrarely

overriddenuntil 2 A.M.(whenthe schedulingsystemwouldhavethe lightsdimmedoff),one canspeculate

that someindividualsmayfindthe reducedleveladequatetoworkbyat nightand thatthey usetheoverrides

just when the lights are switchedoff. (The occupants had no way of obtaining the reducedlevel; their

overrideswouldonly restoreto full lighting.)
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COST-EFFECTIVENESS

No energyconservationmeasurecanbe successfulunlessonecandemonstratecost-effectiveness.Since

the systemexamined inthisprojectis an advancedcommercialprototypewithouta set price,we use the

. calculatedenergysavingstoestimatewhatthecostofthe ballastandancillarycontrolsshouldbe(i.e., target

costs)to achieve an acceptablepaybackfor a commercial building.We derive targetcostsfor the retrofit

, inthisbuildinganda newlyconstructedbuildingthatis in compliancewithTitle 24. We assumethata 50%

energy savingscan be achievedin bothr_ses.

Since the lightingsystem at thisdemonstrationsite u,_ed2.5 W/ft2 for lightingfor 7,000 hr/yrbefore the

retrofit, lighting cost $1.40/ft2/yr at an energy cost of $0.08/kWh. This study indicates that we can

(conservatively)savehalfofthiscostusinga lightingcontrolsystem:$0.70/ft2/yr.Ifwe assumethatthefirst

costof retrofittingthecontrolsystemmustbe recovered intwoyears,thenthe total installedfirstcostmust

not exceed 2 x $0.70/ft2,or$90.00/fixturesinceeachfixturelights64 ft2. By allowing$25.00/fixtureforthe

labor cost to retrofit each fixture, install the controls, and calibrate the system, and an additional

$10.00/lixture forthecontrolscost (photocells,EMS linkage,overrideswitches,andwiring)we geta ballast

targetcost of $54.60/ballast. We believethat this iswell withinthe rangeof marketprofitability.Note also

that this calculationdoes notconsiderany applicableutilityrebate,whichwould significantlyimprovethe

cost-effectivenessto the buildingowner. (PG&E currentlyoffersa $10.00/ballast rebate. Someutilitiesin

the northeastofferrebatesover$20.00/ballast.)Ifwe assumethatthe buildingwouldhavebeen reballasted

anyway, then the $54.60/ballast figure just derived can be considered a cost premium. Under this

assumption,thetargetcostbecomesapproximately$75.00/ballast. (The3-1ampelectronicballastreplaces

two energy-efficientcore-coilballaststhat cost $10.00 each).

For new construction,these figuresmustbe adjustedbecausethe installedlightingpowerdensityis lower

in a Title 24 officebuildingthanin mostexistingbuildings,andthe hoursof operationwouldprobablyalso

be less because of Title 24's stringentlocal switchingrequirements.In the new constructioncase, the

buildinglightingenergycosts withoutcontrolswouldbe expectedto be aboutonly$0.56/ftZ/yr(2.0 W/ft2 x

3,500 hrs/yrx $0.08/kWh).l Again assumingthat the controlsystemcan save 50% of the lightingenergy

costs gives us a total installedfirstcos1of $53.75/fixtureif the systemis to pay back in 3 years.For new

construction,we mayassumethatthe laborto installthe controlsisonly$5.00/fixtureto reflectthe lowcosts

of installinga controlsystemwhen it isincorporatedintothedesignplansfromthe start.Allowing,as before,

an additionalcost of $10.00/fixtureforthe controlscostresultsina targetcost premiumof $38.75/ballast.

• Notethatthis isthe premiumcost,i.e., the "adder"that theenduserwouldbewillingto pay abovethe cost

"! • 1Althougha Title 24 office buildingmay only use 1.5 W/ftz for lighting,we have used 2 W/It;=to account tor Me aiiowed power

I adjustmentcreditforcontTols.Wehaveused35% for thiscredit,whichisintendedto bea weightedaverage valueover the building.
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of an energy-efficientcore-coilballast (whichwe assumecosts$10.00 eachas above). This resultsinan

end-usertargetcostof $58.75/ballast. Dimmingelectronicballastscan beprofitablymarketedatthisprice.

However,thetargetcostwouldbe lowerifwe hadrequireda 2-year paybackinsteadofthe3 yearsassumed

above.Also,the actualcosttothe end userwouldbeonly$48.75/ballastifonetakes intoaccountthe $10.00

PG&E rebate.

The above economic analyses are believedto be conservative since we have not accounted for the

additionalcost savingsfrom the reducedcoolingload.

RELIABILITY

Ballasts

Throughoutthe courseof this 2-year project(since installationof the electronicballastsin May 1989),

approximately10 of theelectronicballastseitherfailedor exhibitedsufficientlyanomalousbehaviorsothat

they had to be replaced. This failure rate, althoughhigh for a commercial ballast, is remarkably low

consideringthat they were hand-builtprototypes.Most of the failures appearto be attributableto quality

assuranceerrorsin sortingout defectivedevices (particularlydiodesinthediode bridge)ratherthanto the

design. We are _hereforereasonably certainthat these problems are resolvable in the manufacturing

process.

Lamps

At thestart of thisdemonstration,therewas a problemwith shortenedlamp lifedueto low-cathodeheating

voltageatfulldim (RubinsteinandVerderber1990). Oncethe ballastswere modifiedtoprovidefullheating

powerat alidimminglevels,the shortenedlamplifeproblemwas resolved.Sincethe systemwas relamped

in September1989, only3 lamps (outof 162) have failed. Furthermore,there has been almostnosignof

lampblackeningon any of the lamps.

Controls

Exceptfor a faultyswitchon the string5 controllerboard, the controlshavefunctioned satisfactorily.Our

resultssuggestthatthetwo-partphotocellsareanelegantandeffectivewaytodetect andcontrollightlevels

so that both daylighting and lumen maintenance can be simultaneouslyimplemented with the same

hardware.To ourknowledgethis isthe firstdemonstrationofsuchan integratedsystemforwhichlong-term

performancehas been measured.

The controllerused inthis systemhas a very fastresponsetime, witha time constant of only 2 seconds.

ii '
That is, ifthere is a sudden changeinthe lightlevelsensed bythe ceilingphotosensors,the systemdims

00819121/918443/ppu27s 4-4

t

i



in just a few seconds."Commonknowledge"has it that the responseof daylight-linkedlightingsystems

shouldbe slow(i.e., on theorderof 30 seconds).However,despiteourinitialconcernsaboutthe speedof

• the systemresponse,ourexperienceatthissite indicatesthata fast-respondingsystemis notobtrusiveto

the occupants.This has somesignificancefor the load-sheddingstrategysince a heavilydamped system

. mightnot respondquicklyenoughto avoidthe incurrenceof a peakdemandpenalty. (The authorknows

of one European dimmingsystemthat has a time constantof several minutes.)

I
i
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Section5

CONCLUSIONS AND RECOMMENDATIONS

Thisdemonstrationhasshownthata properlydesignedandcalibratedphotoelectricallycontrolleddimming

• systemcan effectsignificantreductionsinenergyusebyexploitingseveralcontrolstrategiesinconcert.The

data collectedduringthesummerindicatethat energysavingsof 75% relativetothe originallightingusage

is achievable.The energysavingswere foundto bebothsignificantandconsistent,althoughthe effectof

timeof year wasdiscernibleinthe daylitzones.Equallyimportant,the measureddemand reductionduring

core operating hours--up to 70% duringthe summermonths--argues that lightingcontrolbe seriously

consideredtor moderatingpeakdemand.

A novel two-part controlphotosensorwas shownto beeffectiveinprovidingappropriatecontrol,allowing

daylightingand lumenmaintenancestrategiestobe implementedsimultaneouslywiththesame hardware.

With this photocontrolsystem, design light levelswere maintainedat the workplane regardlessof the

daylight contributionor the age of the lightingsystem.Althoughthe photocontrolsystemoperatedquite

satisfactorily,we identifieda needto simplifythe calibrationandcommissioningprocessto assurethatthe

savingsdocumentedhere can be achieved routinely.

The energy savings documentedin this demonstrationwere accomplishedwithout compromisingthe

qualityof the lighting.Asimplesurveyofoccupantresponseindicatedthat the majorityofrespondentswere

satisfiedwiththe lightlevelsprovided.

We cannotstressenoughthe importance of the measuredenergyanddemand reductions.Buildingsare

the most significantusersof electrical energyin the nation,and lightingis the majorcontributorto total

electrical loads in buildings,lt would not seem to be too extreme a viewpoint to state that the use of

appropriatelightingcontrolsis probablythe mostcost-effectivemethodto significantlyreduceelectrical

energy use andpeak demand in buildings.

This project has also revealedthatthe applicationof dynamiclightingsystemsis more complicatedthan

"static"lightingbecauseonemustconsiderfactors,suchaswindoworientationand occupantbehavior,that

are largely ignored in designingconventional lighting.In addition,the successfulcommissioningof a

photoelectricallycontrolledlightingsystem requiresexpertisethat is not readily available. Appropriate

designandapplicationof sophisticateddynamiclightingsystemswillnotbewidespreaduntildesignersand
/,

specifiers become more experienced in applyingdynamic lightingdesign concepts.Finally,the cost of

I
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dimmingelectronicballasts and associatedcontrolsmustcome downin pricebefore lightingcontrolsare

widely applied.

For lumenmaintenanceto be a successful,long-termenergy savingstrategyin buildings,a commitment

by the facilitiesmanagement to group relampingand system maintenanceis necessary. But in most

circumstances,grouprelampingis costeffectiveeven withoutthe lumenmaintenancecontrolstrategy.If

thelightingisinitiallydimmedandthensetto automaticallycompensateforlumendepreciationaswasdone

here,grouprelampingbecomes even morecost effective.

lt wouldbe of considerableinterestto investigatewhether an alternativeshadingsystemwouldblockthe

directsunpenetrationwhileblockinglessof theusefullightfromthe sky.AIouveredblindsystem,possibly

with an automaticcontrol,wouldbe a goodcandidatefor this application.

Inbuildingswith a uniformceilingluminairegrid,tuning has greatpotentialbecause individualluminaires

are often poorlylocatedfor task surfaces,so poorlylocatedfixturescan betunedto lowlevelwithoutany

deteriorationin worker productivity. In fact, if a ceiling fixture causes veiling reflections either on the

horizontaltask or off a computer screen,tuningthe offendingfixtureto low level will improveoccupant

comfortandproductivity.This controlwas notexploredin thisprojectbut itshouldnot be ignoredinfuture

installations.

The calibrationprocedurefor the daylightingcontrolclearly needsto be simplified.Insteadof movingthe

photosensorstalkup and downto obtainthe correct photosensorresponsefor daylightandelectriclight,

itwouldbe preferableto fix the photosensorinone locationinselectedfixturesshippedto thejob siteand

to balancethe signalsfrom the two sensorselectrically.Furthermore,the adjustmentcontrolsshouldbe

placed in a locationwhere they can be easily reachedfrom the controlledspace.

Addressingthese issues is a formidabletask beyondthe resourcesof any one institution.But the utilities

canplaya moreactive roleinpromulgatingtheuseof energy-efficientlightingcontrolsbyassistingincertain

targeted areas:

• Commence a research effortfocused at developing simplifiedmethods for zoning and
installinglightingcontrolssystemsin new buildings.

• Continueand expandsupportof improvedcomputertoolsfor analyzingthe lightingusage

i patternsin existingbuildingsand identifyingthose areaswherecontrolscan be mostcosteffectivelyapplied.
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• Continueand expandutilitydemand-sidemanagementprogramsthat encourageowners
to invest incontrolsby reducingthe initialadded cost.

• Assistinthe developmentof educationalprogramsfor buildingmanagementpersonnelto
. help these individualsunderstandthe importanceof a properlyoperated and calibrated

controlsystem.
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GLOSSARY

Ballast: A device used with a fluorescent lamp to provide the correct
starting voltage and maintain the appropriatecurrentconditions
for operatingthe lamp.

, Ballastfactor: The lumen outputof a lamp operated by a commercialballast
divided by the lumen output oi the same lamp operated on a
referencecircuit.

Cc,_trolgroup(also controlstring): A groupof lightfixturescontrolledtogetherto providethe same
illuminationlevel.

Controlzone: Alifixtureson one lightingbranch circuit.

Daylight: Lightfrom the sky and sun used to provide illuminationfor the
performanceof visualtasks.

Daylightcontrol (alsodaylighting): An energy-savinglightingcontrolstrategyin which a photocellis
used with a dimmingsystem to providea fixed lightlevel at the
workplanebyincreasingtheamountofelectriclightwithdecreasing
daylightlevels and decreasingthe amount of electric lightwith
increasingdaylight.

Dimmer: A con_.roldevicefor varyingthe lightoutputfrom lamps.

Efficacy: The ratioof lightoutputfrom a lampto the electrical inputpower,
expressedinlumensper watt (L/W).

Electronicballast: A solid-stateballastthat converts 60 cycleelectricpowerto high
frequency(20-60 kHz) power to drivea fluorescentlamp.

Footcandle(fc): A unitof illuminance;theilluminationona one-foot-squaresurface
on whichthere is a uniformlydistributedfluxof one lumen.

IESNA: IlluminatingEngineeringSocietyof NorthAmerica.

Illuminance: Lighting level, expressed in footcandles (English unit) or lux
(metricunit).

Lamp: Engineeringtermfor lightsource,commonlyreferredto as a bulb
ortube.

Lightingcontrol: Generaltermreferringtothedevicesandtechniquesnecessaryto
' providethe rightamountof lightwhere andwhen needed.

• Load shedding: A lightingcontrolstrategyfor selectively reducingthe outputof
lightingfixtureson a temporarybasisas a meansto reducepeak
demand charges.

Lumen: Basicunitof lightflux.
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Lumenmaintenance: An energy-savinglightingcontrolstrategyin whicha photocellis
usedwitha dimmingsystemto providea fixedlightlevel overthe
maintenancecycle.

Luminaire: A completelightingunitconsistingof a lamp (or lamps),together
witha housing,theopticalcomponentsto distributethe lightfrom
the lamps,andthe electricalcomponents(ballasts,starters,etc.)
necessaryto operatethe lamps.

Lux: A unit of illuminance;the illuminationon a one-meter-square
surfaceonwhichthereis a uniformlydistributedfluxof one lumen.

Override: A switchthat can be used by occupantsto obtain lightingwhen
required outside of normal operating hours. May be activated
usinga touchtonetelephone.

Photocell: A light-sensitivedevice for measuring a quantity of light. The
Braydon Corporation used silicon photodiodes for this
demonstration.

Photometer: Aninstrumentformeasuringlightingquantitiessuchas illuminance
and luminance.

Photosensor: A sensorcomprisedofphotocell(s)to controlthe illuminanceofthe
lightingsystem.

Scheduling: Anenergy-savinglightingcontrolstrategyfordimmingorotherwise
reducing light levels during hours when a building space is
unoccupiedor occupiedby individualswith lessstringentlighting
requirements.

Troffer: A recess-mountedlightingfixture.

Tuning: Anenergy-savinglightingcontrolstrategyinwhichthe lightoutput
ofan individualfixtureorgroupof fixturesisadjustedto providethe
correctamountof lightfor a localtask.

Workplane: The planeatwhichworkis performedand atwhich illuminationis
specifiedand measured.Usuallytakento be30" above thefloor.
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