
, PNL-SA--177 05

DE91 004080

"_" _ "%TI'

NOV26 1#,90
Conservation Voltage Reduction
Potential in the Pacific Northwest

J. G. De Steese
J. E. Englin .
R. D. Sands

o

August 1990

Presented at the
25rh Intersociety Energy Conversion
Engineering Conference
Reno, Nevada
August 12-17, 1990

Work supported by
tne U. S. Department of Energy
under Contract DE-ACO6-76RLO 1830

Pacific [4orthwest Laboratory

Richland, k'ashington 9 G_=°_.,_ _

..... ,_ m_P, tJMENT IS UNLIMITE_ /,'i
DISTRIBUTION ur , ,-,,_, _'-" - //

7
/



.p

o

,t

CONSERVATIONVOLTAGEREDUCTIONPOTENTIALIN THE PACIFIC NORTHWEST

J. G. De Steese, J. E. Englin and R. D. Sands

Pacific Northwest Laboratory(a)
Richland, Washington 99352

ABSTRACT

This paper summarizesa study performeduy PacificNorthwestLaboratory

(PNL) indicatingthat the region-wideimplementationof conservationvoltage

reduction (CVR)would provide a significantlevel of electric energy

conservationin the _onnevillePower Administration(BPA) service area. This

resourcewas estimatedby developingsupply curves showingthe magnitude of

energy savingsas a function of CVR implementationcost. Energy savingswere

estimatedfor residential,commercial,agriculturalirrigation,and industrial

consumer classes. Using the conventionof expressingenergy conservationin

averagemegawatts (AMW),the CVR conservationresource in the Pacific Northwest

was estimatedto be between 170 and 26B AMW at a cost of 5 cents/kWh. Estimates

were also made for the contributionof major load sectorsto the total CVR

resource. Approximately55_ of the total was estimatedto be available in

the residentialsector. Contributionsby the other sectorsconsidered were

as follows: commercial,2g_; industrial,14k; and agriculturalirrigation,

3_. A large portion (142 to 230 AMW) of the conservationresourcewould be

availableat less than i cent/kWh. A median estimateof the regional CVR

resource at I cent/kWh (179AMW) exceedsthe conservationpotential (150 AMW)

expected from possible implementationof major efficiencyimprovements

(reconductoring,transformerreplacement,and voltageupgrading)on Pacific

Northwesttransmissionand distribution(T&D) systems. This paper also shows

that CVR can be more effectivethan con"entionaldemand-sidemanagementmeasures

in reducingsystem peak load.

I. INTRODUCTION

End-useservice voltagesmust bc regulatedby electric utility companies

to protectconsumer equipment. This regulationis generallyprovided on the

distributionportion of the utilitysystem. Standardvoltagesused in the

(a) Operatedfor the U.S. Departmentof Energy by BattelleMemorial Institute.
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United States are specifiedby the AJ_ericanNationalStandards Institute(ANSI

Standard C 84.1-82). The regulationof distributiorsystem voltages to

narrower ranges than those permittedby ANSI standardshas been subjectto

study, debate,and practicalimplementationover the last severalyears.

This practice has become known as CVR and has been appliedby many utilities

in the United States to reduce both peak load and end-useenergy consumption

(De Steese et al. 1987).

The BPA and electricutilitiesin the PacificNorthwestcontinue to

evaluate conservationoptions and remainready to acquire economically

attractive resourceswhen needed. Such effort contributesto the energy

resource acquisitionplan developedby the NorthwestPower PlanningCouncil

(NWPPC 1986, 1989). The studiessummarizedin this paper were sponsoredby

the BPA for the followingpurposes:1) to determineif CVR could be a

significantenergyconservationmeasurein the BPA servicearea and 2) to

evaluate CVR as a peak load managementoption and 3) to assist BPA in developing

a position on CVR implementation. The BPA servicearea includesapproximately

15D utilitysystems in Oregon, Washington,Idaho,western Montana, and parts

of Nevada,Utah and, Wyoming.

2. ENERGY CONSERVATIONSTUDY

A methodologywas developedto estimateCVR supply curves that relate

energy savingsto implementationcosts for a hypothetical,region-widetrr

program in the PacificNorthwest. Detailsof the analysis and results are

published (De Steese et al. 1987). The followingsections summarizethis
effort.

Study Approach

Utilitydistributionsystemsin the BPA servicearea were characterized

in terms of feeder length and predominantconsumerclass served (residential,

commercial,industrial,and agricultural)using informationsupplied by many

utilities. Energysavings were estimatedby consideringCVR applications

accordingto feeder length and consumerclass. Implementationcosts for CVR

were developedfor 27 measures. These rangedfrom the typicallylow cost

measures for applying CVR to short, high-densityurban feedersto higher cost

modificationsthat are necessaryto implementCVR on long, low-densitysuburban

and rural lines. Supply curves showingthe size of CVR resourceswere
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constructedby aggregatingenergy savingsfor each consumer class at each

level of CVR implementationcost.

T_o basic CVR implementationstrategieswere considered, lhe first is

kno_'nas line-dropcompensation(LDC) regulation. This strategy involves

regulationthat keeps the most distant portionof the circuit at some minimum

acceptablevoltage level such as 114 volts (secondaryequivalent),while the

rest of the circuitvoltageis allowedto vary with load conditions, buring

periods of peak load, the substationvoltagecan rise to the maximum allowable

servicevoltage (126 volts),but at all other times would be somewhat less.

During off-peak periodsthe entire circuitwould operatenear the minimum

controlledvoltage. Thus, energy consumptionof end-use loads is reduced

becausethe averagecircuitvoltage is less than it would with conventional

voltage regulation.

The second strategyconsideredwas compressionof the voltage range on a

feeder, oftan calledvoltagespread reduction(VSR). For circuits with

adequatevoltagemargin,VSR may be implementedby setting regulatorvoltage-

level controls to a narrowerrange while maintainingthe requiredminimum

voltage at the most distantload. For example,by using VSR to limit the

voltage on a feederto the lower half the ,5_ band allowed by the ANSI

Standard,an averagevoltagereductionof 2.5_ can be implementedon the

feeder. When VSR is used in conjunctionwith LDC regulation,it is often

possibletc implementvoltagereductionsin excess of 5_ while maintainingan

adequate voltage at the most distance load.

Estimationof EnerqySavings

Energy savingsproducedby CVR carlvary considerablydependingon both

system configuratiopand the individualresponseof end-use appliances. A

bounded range of CVR energy savingswas estimatedto accommodatPthe

variabilityof these parameters. The lower bo!md of this range was synthesized

from data on the voltagedependenceof end-useenergyconsumptionmeasured in

the laboratory (EPRI 1981, 1982; Chen et al. 1982).

As this approachdeveloped,test computationsshowed that energy savings

synthesizedfrom applianceresponsedata fell consistentlybelow the energy

savings at the consumerclass-levelreportedby Kirshnerand Giorsetto (1984).

Kirshnerand Giorsettoanalyzedmany voltagereductionstudies performedby

various utilities. The overallconclusionof their statisticalanalysiswas



that for each I_ reductionirlaveragevoltage, the correspondingreductionin

energy consumptionof the residential,commercial,and industrialsectors is

0.765_, O.gg]_ and O.40g_, respectively. Potentialenergy savings were scaled

from these results and used as an upper bound of the estimatedCVN resource

in the PacificNorthwest.

Enerqy Savings for Applicationof 2.5_ CVR

The above techniqueswere used to provide an overall indication(Jrthe

CVR resourcethat might be realizedby applyinga hypothetical2.5_ voltage

reductionon all distributionsystemsin the BPA servicearea. Figure i

displays the class-levelresourcecomponentsas estimatedby each approach.

The resourcepotentialof such a programwas estimateto range _rom 151AMW

(lowerbound) tu 233 AMW (upperbound).

The above estimates,made at a fixed 2.5_ voltagereduction,provided a

useful measure of the relativecontributionsof consumersectorsto the total

regional resource. The residentialsectorwas the primarycontributorto the

CVR resourceand was estimatedto be 55_ of the total. Contributionsby the

other sectorsconsideredwere commercial(2g_), industrial(14_),and

agricultural(3_).

Estimationof CVR ImplementationCosts

A telephonesurvey was conductedwith more than 30 utilitiesto gather

informationon circuit length,regulationstrategy,voltagemargin, and

constructioncosts. A total of 27 CVR implementationmeasures were defined

and assignedan average cost, based on informationsuppliedby correspondent

utilities. To simplifythe analyticalproblem,distributionsystems were

divided into three feeder length categories:less than 3 miles, 3 to 12 miles,

and greaterthan 12 miles. Estimateswere made to associateeach of these

measureswith an appropriatefeeder length category,a percentage of

feeders in the category that could accommodateeach measure,the average

voltage reductionpotentiallyachievableand averagecost per installation.

Results of this portion of the analysisare sumnarizedin Tables I, 2, and 3.
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CVR Supply Curve Developmentand Results

The conservationresourcesestimatedby the supplycurves were based on

the actual voltage reductionsachievablewith each CVR measure and feeder

class. Energy savingswere allocatedto the circuitcategoriesbased on the

proportionof the number of circuitsin that categoryto the total number of

circuits. Implementationcosts for CVR were levelizedover a 30-yearperiod.

Present values were then calculatedand distributedto each year accordingto

a fixed-pa_nnentmortgageschedule.

Supply curves were constructedby combiningthe annual cost with the

energy savingsrealizedfrom the implementationof each CVR measure. The

anr_ualcosts were dividedby annual energy savingsto obtain the cost of the

hypotheticalprogram (in cents) per unit of energy conservation(kilowatt-

hours). These resultswere then paired and orderedby cost per kWh of energy

savings from the lowestto the highest. A sum of energy savings at each cost

was accumulatedand expressedin averagemegawatts(AMW - total yearly energy

savings in megawatt huurs dividedby 8760, the number of hours in a year).

This cumulativesum was the total conservationpotentialat a given cost plus

the sum of all the savings at lower costs. Supplycurves for CVR were obtained,

as shown in Figure2, by plotting cost per kWh versusthe cumulativeenergy

savings estimatedin the above manner.

The supply curves representthe CVR conservationresourcespotentially

availablefrom all utilities (investor-and publicly-owned)operatingin the

BPA service area. Each supply curves shows a substantialresource at costs

less than 0.1 cent/kWh. The curves then rise sharplyin cost for the remainder

of the resource.

Up to I cent/kWh (142to 230 AMW), the resourceis very comDetitivewith

all other conservation approaches. The median CVRresource at this cost (179

AMW)exceeds the 150 AMWof conservation estimated by Tepel et al. (1987),

for a hypothetical program of efficiency improvements (reconductoring,

transformer replacement, and voltage upgrading) applied to electric power

T&D systems in the Pacific Northwest.



TABLF ]. CVR Imp)ementationCosts: Distribution
CircuitsLess Than Three Miles in Lenqth

Vol_aoe
OOtlon C_rcui_, (_ keou_on (_I Cost/C_rcui_

"T _eregulatloF,5_ LC_er i_.7 _.i _i_0
anC L_ne Drop Compensatlon

2 Reregulation5_ Lower 14.O 5.0 $150

3 Line Drop Compensation 31.3 2,4 SISO

4 Reregulation 1.Z_ Lower 17.6 1.2 $150

5 Balance Feeder_, LDC, and 0.8 5.7 3390
5_ Wedu¢tlon

6 Balance Feeders and 5_ 0.7 5.0 _3gO
keuuction

7 Balance Fee_ers and LDC 1.g 2.4 $390

B Balance Feeders and 1.2_ 1.1 1,2 13go "
keouction

g Capacitor Addition g.O 2.5 _24,BDD

10 Regulator Addition 8.O 3.2 $8010

11 Capacitorsand Regulators 2.9 3.2 $32,B00

TABLE 2 CVR ImplementationCosts: Distribution
CircuitsFrom 3 to 12 Miles in Length

Voltage
Ootion Circuits (_I Reduction (_ Cost/Cir_ui_

12 keregu_atlon b.D 2.D _!50

13 Capacitor Addition 13.1 2.O 327,BOD

1_ Regulator Addition 1A.I 2.0 $B010

15 Regulator and Capacitor 1!.1 2.O $47,6DD
A_di%lon

16 Reinsulate 3.2 2.0 _!55,DDD

I? Reconauc:nr £.D 2.O 31BO,O00

IB Combination 12.? 2.4 $_26,DDD

19 Reregula:ion _.D 4.4 S!SD
and LD;

2D CapacitorAddition 6._ 4.4 $27,BOD

21 ReaulatorAddition, 6.9 _.4 _BDID
VoizageReauc%ion

Z2 Regulator and Capaci%or _,4 R._ _4?,BDD
Ad_i$ion

23 Reinsulation 1,6 _._ :155,DDD

2_ Recon_uc:or _,_ _.4 _180,000

25 Combination 6.3 _.6 3126,DDD



TABLE 3 CVR ImplementationCosts: Distribution
CircuitsGreaterThan 1.2Miles in Length

Voltage

Option C1rcult,_ (&) keou.-',}on(_,I C.ott/[_rcui_,
26 kelnsulaLe 4i.5 2._, $466,000

27 Comblnat_on 56.5 2.5 $703,0DD

A CVR resource in the range 170 to 268 AMW was estimatedto cost of 5

cents/k_h. This was establishedby the NWPPC (1986)as the cost-effectiveness

thresholdfor conservationresourcesbased on the 1985 cost of a coal-fired

central generatingstation. Up to this cost level,conservationis considered

by the NWPPC to be preferableto providingnew capacitywith conventional

generatingresources.

3. PEAK LOAD MANAGEMENTSTUDY

In anotherstudy performedby PNL for BPA, the System Demand Side

Management (SDSM)Assessment,the peak load reductioncapabilityof CVR was

compared with that of severaldemand-sidemanagement (DSM)measures. These

measures includedresidentialelectricthermal storage (ETS),water heater

control (WHC),the Model ConservationStandards (MCS) Programand increasing

the efficiencyof commerciallighting(CL).

Study Approach

The effectivenessof these measureswas estimatedusing a computer program

#erived from the Conservation-in-Lieu-oT-Construction(CILOC)methodology

reportedby Englin et al. (19B7). The approach involvedthe synthesis of

system load shapes for the BPA servicearea° Each load shape was accumulated

by summationof sectoral load componentsas modified by load growth forecasts

and the estimatedfuture penetrationand effectivenessof each DSM measure.

Load shapes for each case were developedincludingone for the referencecase,

(no new DSM measures) and one for each DSM scenario. The effectivenessof

DSM optionswas estimated from the reductionin peak load effected by each

measure comparedto the 'loadshape of the referencecase. The computer program

used had the ability to synthesizeand compare load shapes for system peak

conditionsoccurringanytimewithin a period of 20 years.
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Estimate of Average Voltaqe Reduction

The previous CVRconservation study provided a basis for estimating the

average voltage reduction achievabi_ with a regional CVR progran,. By scaling

from the resources estimated for the fixed'2.5_ CVRcase to the resources

indicated by the supply curves, it was concluded that an average region-wide

voltage reduction of 2.85_ cemesponds to the economic (5 cents/kWh) CVR

resource. In the SDSManalysis, the assumption was made that CVR measures

costing more than 5 cents/kWh would not be included in a CVR program for peak

reduction.

Estimation of CVR Effects on End-Use Demand

While the literature describes CVReffects on individual appliances in

extensive detail, there are only a few data available that relate CVR value

to the load shapes considered in the SDSManalysis. Many references to CVR

experience show conflicting results and reach different conclusions about the

effectiveness o'__ CVR. The SDSManalysis follows the work of Kirshner and

Giorsetto (1984). While, several reports suggest that CVR is more effective

in reducing peak load than in producing energy savings, Kirshner and

Giorsetto's statistical work indicates that both effects, on average, are

similar. The percentage load reductions used in the SDSMstudy were based on

CVRenergy conservation effects.

Table 4 shows the effect of CVRon the demand of several end-use loads.

The demand reduction for each load type is estimated by multiplying the unit

demand response of each load to voltage reduction (_ demand reduction/_ average

voltage reduction) by 2.85, the average voltage reduction estimated, as
described above.

The values of the CVRdemand reuuction shown in Table 4 were input to

the comp_ter program to modify the reference load shapes by the indicated

fixed percentage throughout the day. However, thermostatically-controlled

resistive loads that deliver a constant amount of energy to a process needed

special consideration.

With CVR, the demand of such loads is reduced,but they stay on longer in

each control cycle. The CVR effect on the space heating load shape, therefore,

should be distinguishedaccordingto severityof the weather. On an average
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TABLE 4. PercentageEflect on Hourly Load Shapes
for 2.85_ AverageCVR Applic.tion

End-UseLoad CVR Hourly Demand Reduction (4)

Space Heating 0.0 (a)
5.6(b)

Cooking 5.6

IncandescentLights 5.6

FluorescentLights 4.3

High-PressureLamps 5.6

Motor-OperateCEquipment 2°8

AverageResidentialSector Energy 2.2

AverageCommercialSector Energy 2.8

Average I_dustrialSector Energy 1.2

_(a)in periods of nonextremeweatherwith thermostatcontrol cycle < I hour
(b) In periods of extremelycold weatherwith thermostatcycles > I hour

day, when space heatingmight cycle on and off at a frequency less than 1

hour, the effect of CVR on an hourly-aggregatedload shape is negligible.

This is because the hourly load shape essentiallyshows a demand based on

averageenergy consumedeach hour. Even if the heatingcycle is a few percent

longerdue to CVR, the hourly demandwill not change so long as cyclingoccurs

at less than an hourly frequency. However, in extremelycold weather

conditions,space heatingsystemscan operatecontinuouslyin a effort to

keep up with energy lost to the ambient. In this case, CVR would be effective

in reducingthe demand of these systems.
E_

Comparisonof CVR with Other DemandSide ManaoementMeasures

System load shapes were calculatedfor CVR and each of the demand side

measures,mentionedabove, using the SDSM computerprogram. The analysis

accountedfor reasonablepenetrationschedulesfor each of the measures. The

computerprogramwas set up to compute PacificNorthwestsystem load shapes

for the peak month (December)in each year for 20 years. Table 5 shows the
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TABLE 5 December SystemPeak Load Reduction(_W)

Year ETS WHC CL MCS CVR

1990 12 93 11 16 128

1992 50 _53 23 65 175

1994 103 151 35 111 226

1996 158 151 43 158 232

1998 183 151 44 206 239

2000 219 151 45 256 245

2002 232 151 46 307 252

2004 ?45 152 47 359 259

2005 259 157 4B 410 266

' 2008 272 162 50 460 274

2010 2S5 167 51 512 282

the simulatedDecemberpeak load reductionachievedby each measure during
;I

i the period !990 to 2010 (odd-numberedyears are omittedfor convenience).
These resultsshow that for the first 10 years, CVR is the most effective

option in the PacificNorthwestfor reducingsystem peak, until it is exceeded

by the Model Conservatior,StandardsProgramin the Year 2000.

A similaranalysiswas conductedto evaluatethe effectivenessof each

measure in reaucingthe sustainedsyste_peak. This is the average system
i
! megawatt load during the period 7 a.m. to 10 p.m. In the Pacific Northwest,

i the manaoement of the sustained peak would improve the ability of the region's

I preoominantiyhydropowersystem te suppl)'peak loads,taking its overnight

ii CVR shown in this analysis to out-
recharge capability into account. was

perfor_ the other load management measures by effecting the largest reduction

I in sus=ainedpeak for a period of 11 years. Again, CVR was shown to beevenzua]]vexceeoed by the MSS Programas i_ reachedfull maturity.
|

4. CONSLUS!ONS

If applie_to distributionsystemsthrouanoutthe PacificNorthwest, CVR

offers energy conservationpotentiallyas large as 270 AMW at costs up to 5

cen:s/kWh. A large por:ionof this CVR resourcewould be availableat a cost

of I cen=/kWn (142 tc 230 AM,'). A substantialportion of the CVR conservation

potentialin the PacificNortnwes_and, specificallythe energy savings a't
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the lowestcost, occur on residentialfeedersless than 3 miles in length.

These lines are typicallyfound in more denselypopulatedurban areas• Longer

(i.e.,3 to 12 mile) lines, typicalof suburbanareas, could be included in a

CVR program at costs less than the NWPPC threshold. However, long rural feeders

might:be too expensiveto include in such a program• Most utilitieshave a

mixture of the differenttypes of feeders;therefore,the value of CVR to a

particularutilitywould need to be considereCon an individualbasis. A

hypotheticalCVR Program implementedto effectenergy conservationwas also

shown to providea peak load managementoptionmore effectivethan some

conventionalmeasures. Resultsof these studiessuggest that the systematic

implementationof CVR in the PacificNorthwestwould be bereficial. By

extrapolation,,this conclusionalso appliesto other regionsof the nation•
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