
yctal
A h{ethodolog¡r For Identifyíng Retrofit Encrgy Savings

In Commerdal BuildÍngs

by Kelly Kissock, Agami Reddy Ph,D', and David Claridge P.E.' Ph'D.
- EnergY SYsfcms LaboratorY

Mechanical Engineering Dcpartment
Tcxas A&M UniversitY

i\BSTRACT

lr4casurcd cncrgy savings resulting from cncrgy

conscrvation rctrofiLs in comntcrcial buildings ca¡ bc used to

vcrify thc succcss of tltc rctrofis, dcfcrnlinc thc payment

schcdule for ths rctrofiß, and guidc the s¿lcction of future
rctrofils. This papcr prescnLs a struçturcd mcthodology'
dcvcloped lor buildings in thc Tcxas LoanSTAR progrant, for
nrca.suring rctrofìt savings ín conlntcrcial buildings. This
mcthodology idcntifjcs thc prc-rctrolit, constructíon and posf-

rc,trofit pcriods, normalizcs energy savings for changíng
wcatl¡eri accounfs for nrissing cncrgy consumption data, and

quanÜfies thc unccrtainty associatcd with thc measured

savings. A casc study front the Tcxas LoanSTAR progran is
prcscntcd as an cxamplc.

INTRODUCTION

Encrgy conscrvat¡on rctroflß of contnlcrcial buildings are

typically initiatcd harcd on prcrlictions of how ntuch cncrgy
lrnd ntoncy thc rctrofit will savc. Prctlict¿d cncrgy savings arc

gcncrally calculatcd using thc performance specifications of
cncrgy-using equipnrcnt and cstinlatcs of thc ph¡'sical
charactcristics and opcrating hours of the building'
Frcqucntly, sevcral valucs nccc.ssary for thqsc calculations,

.such as the opcrating hours of lighs and electrical cquipmenl
ínliltration ratcs, solar Ioads, and ouLside-air flow ratcs [or
vcntilating cquipntcnt aro cstinlated using "engineering
judgmcnt". Thc calculation procedure or softwarc may also

nrute sinrplifying r-ssumptions in ordcr lo rcduce ùe
complcxity and timc rcquirccl for thc calculations. Because o[
thcsc factors, prcdictcd savings often diffcr.subslantially front
ntcasurcd savings, In a study of ovcr .l,700 building cncrgy
rctrof¡Ls. fcwcr than onc in six camc within 20% ol nleasured

rc.sulLs (Crcely ct al. 1990).
Bccausc of ths potcntiaJly largc discrcpancy bctu'ccn

predíctcd and measurcd savings, thcrc is substantial intcrcst in
nteasuring cncrgy savings, Mcasured encrgy savings rcsulting
front cncrgy conscrvttion rctrofits in conlnlcrcial buildings
can bc u.scd to verily thc succcss of the rctrofis, dctcrnlinc thc
paynìcnt schcdulc for lhc rctroflts, and guidc the sclcctíon of
futurc rctrofíLs, McasurcrJ savings, in contrasl to prcdictcd
savings, c¡n also bùncfit utilitics thaf support cncrgy
con.scrvation and dcnrand sidc nlanaScnlcnt pro8rams.

The simplcst nìethod lo mea-sure cnergy savings is to
rJircctly comparc prc-rctrofìt nnd post-rctrofit cncrgy u.sc.

Howevcr, var),ing wcathcr conditions bctwccn the prc-retrofit

and posrrcfofìt periods can inlluencc energy usc and mry
obscure the change in energy usc caused by a rcLrofìt- To
provide a more acrurata meåsure o[ the energy savcd by a

rct¡0fit" the cffect of changing weaúrer conditíons on cncrgy
usc should be rcmovcd. This is accomplishcd by dcvcloping a
wcathcr-dcpcndcnt nlodcl of a building's prc-rctrofJl cncrgy
usc. The building's prc-rctrofit cnergy u.sc can thcn be

simulatcd undcr post-rctrofit wcathcr conditions and
conrparcd with post-rctrofit cncrgy usc l0 dctcrnrinc savings,

Thc prc-rclrofit nlodcl of cncrgy usc nray bc cíthcr an

cmpirical (statistícal) or a simulatíon modcl. Calibratcd
simulaüon nrodcls of pre-ref.ro[it cncrgy usc (Katipanrula and

Claridge, l99l) can bc uscd when pre-retrofil cncrgy
consumption data i.s limited, howcver, the unccrl¿inty
introduccd by simulation modcls ís ditficult fo assqss.

Sl¡tistical models of prc-rctrofit encrgy con.sumption arc
almos( always casicr to dcvclop than simularion modcls, and

the unccrtainty associated with the rcsulting savings can bc

cal culatcd usi n g acccpted st¡tistical p roccd u rcs.
This papcr dcscribcs a structured, st¡tisrical nìcthodology

to me&sure energy savings in commcrcial building.s, The
ntcthodology can bc subdivjdcd into six stcps as shown in
Figure l. The ncxt six seclions of lhe papcr describc the.se

stcps, followed by a case sludy cxample. This nlcthodology is
currcntly used by Lhe Texa-s LoanSTAR (I,oals to $avc Taxcs

¿lnd [esourccs) Program (Claridge et al. l99l) ûs part ofan
effört to mcasure encrgy savings in st¡te owned buildings.

Pre and post-retrofit period identification and dala cleaning

Figure I. Flow chort of the mcthadolog¡ for ntcosuring
retrof;t energ¡' sauings ìn conurcrciol buildìn gs,
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DATA COLLECTION AND PREPARATION

A statistical pre-re[rofìt modcl requires encrgy

consumption daf¿ from bcfore a rct¡olit is insøllcd. Thcsc

data provirJc ba-sclinc information about how much cncrgy thc

building consumcs in its prc-rcfrollt condition and a¡e

c-çscntial if savings arc to bc mcasurcd, The mcthodology

dc-scribcd hcrc uscs daily cncrgy consumption data which has

bccn summcd from hourly data.t Daily cncrgy consumption
rlata may bc availablc lrom a building's energy managcmcnl
and control .systenr (EÀ4C.S) with cncrgy trcnding capabilities
(Claridgc ct al. 1992). In buildings u'ithout a trcnding EÀ'lCS,

an indcpcndcnt data acqui.sition systcm nray havc to bc

ínst¡llcd in ordcr to acguirc daily cncrgy consumption data.

In .scvcral cases, thc continuous mctering of encrgy use in

conlmcrcial builc.lings has savcd many times thc cost o[ tlc
data acqui.sition systcm hy idcntifying incfficicnt oPcrating
antl control proccdurc.s (Habcrl and Claridge, t987, Haberl
antl Vajda, 1988, N4acDonald ct al. 1989, Kisscrck ct al. l99l).

To provirJc thc bcst mcasure of cncrgy savings, thc cncrSy
u.sc of cach typc ol cr¡uipnrcnt bcing rc(rofittcd ,should hc

scparately mctcred, For cxample, if constant-volumc air
handlcrs arc beíng conver(cd to variable-air-volume air
handlcrs, the tol.al clectriciLy uscd by thc air handlcrs should
bc mctercd. This can oftcn bc accomplishcd by metering thc
clcctricity used by a dís(ribution pancl (often called a motor-
control-ccntcr) which distributcs clcctricity to all of the air
handlcr.s in thc building.

II thc cncrgy savings gcncratcd by lighting rctrol'ìLs arc to
bc cxactly measurcd, thcn all of thc elcctrical fceds to the

lighting fixturcs nrust bc idcntillcd and metcrcd. ln practice,
this is oltcn difllcult ancl cxpcnsivc since lighting fccds are

usually distributcd throughout a building. A lcss expensive
mcthod to dctcrnline .savings gcncrated by a lighting rctrofit is
to mctcr thc wholc-building clectricity usc and air handler
clcctricíty usc. The diffcrcncc bctween thcse two channcls is
lighting ard cquipment (LE) clcctricity usc. Comparing a

short period of LE clcctricity use imnrcdiatcly belore and

innrcdiatcly after a lighting rctro[it will yield a good cstimatc
ol thc clcctricity savcd by thc rctrolit. Ovcr a longcr pcriod of
time, howcvcr, this cstimatc of savings from the lighting
rctrol'it may bccornc lcss accuratc as olhcr clcctrical
equipmcnl. is added to or removed from the building.

If a rcl.rol'it is expcclcd to rcduce hcating and cooling
cncrgy usc, thcsc channcls should also bc nlc(crcd. ln
buildings whcrc hcating and coolíng arc gcncratcd on-site,
nrctcring l,hc cnergy supplicd to the hcar.ing and cooling
cquipment is sufficicnt. If the building subscribcs to distr¡ct
hcating and"/or cooling, then whole-building hcating and/or
coolíng can bc nlcasurcd hy mctcring hcating and cooling
cncrgy as it cntcrs or lcavcs the building. For nlore
inl-ormation abou( sub-mctcring cncrgy usc in buildings scc
O'Ncal ct al. 1990 and Bocckcr ct al. 1992.

Avcragc daily outtloor air tcnrpcrature is usccl as thc
primary índícator oI cnvironmcntal conditions that affcct

I OtJrcr mctJlods. most nourbly t}e Princelon Scorekccpirrg Ì'{crJrod (Fcls,

l9E6). havc uscd rnonùrly b¡lling d.rfa lo normrlizc savings for changing
wurtllcr.

building encrgy us€. Outdoor air temperaturc dat¿ may bc

available from a building's EMCS. I[ not, thc National
WeaLher Servic¿ provides minimum and maximum daily
tcmpcratures for most U.S, citics from which thc avcraSc

daily tcmpcraturc can be calculatcd.

PRE AND POST.RETROFIT PERIOD IDENTIFICATION
AND DATA CLEAn'u.^G

Prcfcrably, a full ycar of prc-rctrofit dat¡ should bc

collcctcd to account for.scasonal cffccts on cncrßy usc, Thc
prc-rctrofit pcriod should extend until rctrollt consfruction
influcncc.s tlrc cncrgy consumption of thc building. lf a

dctaiþd schcdule of construcLion activitics is availablc, then

dctcrmining whcn a rctrof it bccontcs opcrational is trivial. In

sonìc cascs, howcvcr, cxact retrofit consl.ructíon datcs arc

ditficult to obtain. In thesc cascs, thc cnd of thc prc-rctrofit
period and thc bcginning of the post-rctrofit pcriorJ can oftcn
bc dctcrmincrl by inspccting encrgy consumption data and

scarching for díscontinuitic^s in thc cncrgy con.sunìption
patterns. For cxample, when consLant-volumc air handlcrs arc

convcrtcd (o variablc-air-volume air handlers, tìc time-scrics
plot of air handlcr clcctricity use changcs from a ncarly w

consta¡1 signal to a signal with small discontinuities (during

conskuclion) a¡d then to a varíable signal when Lhc variablc-
air-volumc sysl¡m comcs on linc (Kissock ct al. 1992).

In pracLice, thc construction and commissíoning ol a
rctrofit may ta.kc a period of wccks or evcn nìonths. Durlng
this period, encrgy usc may bc different tlan in the prc-rctrofit
period and differcnt tha¡ lhe cnergy usc aflcr lhc rctrofit is

fully opcrablc. We call this period the 'construction pcriod"

and calculatc the energy saved or thc additional cncrgy
consunrcd during this period. In our cxpcricncc, most
buildings savc energy during thc construction period. In a fcw
cases, energy usc actually increases during thc construction
pcriod. We try to ídcntify thc pracüces tìat cause tlre

increa-sed cncrgy use and (o inform the inslallers of thc rctrofit
of thesc pracLiccs so that t¡cy can be mininliz¿d in thc future.
ln any casc, we regularly include cncrgy savíngs (or
"ncgative" savings) duríng the construction period in thc lot¡l
encrgy saved by the retrollt

Depcnding on tÌ¡c numbcr of cha¡ncls bcing monitorcd,
cnsuring the quality of the da(a may bc a fornlidablc t¡-sk.

Mctcrs must bc corrcctly calibratcd whcn insl¡llcd and rc-
calibrated at frcquent intervals to avoid 'drift' in the signal.
Detecting bad dat¿ can also be diftÌcult There are scvcral

pieces of softwa¡e which can automate paas of thc quality
control task, howevcr, an cxtensivc discussion of quality
control proccdurcs is beyond thc scopc of this papcr. As a

first step, producing time scries a¡d relaLional plos of thc data

and comparing Lhc values o[ measurcd dala with cxpcclcd
valucs can idcntify ntany instanccs of bad data. Encrgy
consunlpLion data which is incorrect or highly qucstionablc

should be rcmovcd from thc daLa set in ordcr to intprovc thc

rcliability of the resulls. Wc perform the Lasks o[ pcriod

idcntification and some quality control proccdurcs u.sing a

data browsing software (Lantern, ¡990) that quickly malc.s

tinlc-serics and relational graphs (.scc Fígurc 4 for exanrplc)'

à



NNOO'"."NTIFICATION

Next, statistical modcls of thc Pre-rel.roñt encrgy use of

cach type of cncrgY i d be

rJcvclópcd. Thc func uSgcstcd

by our physical unde YPe of

.n"tgy u* should va ume air

handlcr clectricity consumpt¡on is indcpendcnt of weather

conrJitions, but may vary with thc opcrating schedule of the air

hantllcr.s. Thcrcforc. con.stånGvol unre air hand lcr electrici ty

usc can be modclctl as the mcan clcctricity use during cach

opcrational pcriod. lf thc air handlers arc shut-down on

wcckcnds, thcn scparatc wcckday and wcckend modcls are

appropriate .

Light-s and cquipmcnt (LE) clectricity use is also

rca-sonably intlcpcndcnt of thc wcal.hcrz and can bc modelcd as

nrcan valucs of wcckday and wcckcnd LE clectricity use.

Mcan modcls of cncrgy usc arc callcd one-paramct¡r modcls

bccaurc only onc paramel.er, thc mean, is dctcrmined

statistical ly.
Occasionally, it i.s not clcar whcthcr air handlcr or LE

clcctricity u.sc vary .suflìcicntly during diffcrent opcral'ional

pcriods to jusLify a scparate cncrgy usc nlodcl for each ¡rcriod,
In thcsc cascs, scptratc nlodels of cnergy usc for each

opcrational period and for the entirc Period are developcd. A
sLatistical proccdure callcd a þtcst is thcn administered during

thc Modcl Sclcction proccdurc 10 dctcrminc whcticr the use

ol .scparatc modcls for cach opcrational period is statistically
justified.

Changcs in thc quantities of hcating and cooling enerSy usc

arc primarily dcþrnlincd by changing wcatier, intcrnal loads

(hcat gcncratcd by electrical cquipmcnt and pcoplc), and thc

opcrating schcdulc of thc air handlers. Since tie opcrating

schcdulc of the air handlers is typically the s¿me a-s the

schcdule of occupâncy (and intcrnal loads), the influence of
both thc air handlcr schcdulc and vaq'ing internal loads on

hcating and cooling can bc accounlcd for by scParating the

data into bins which corrcspond to this schcdulc. For most

contmcrcial buildings, separating tle data into wcckday and

wcckcnd bins will account for the cffccls on [hermal encrSy

usc of changing intcrnal lo¿ds and air handler shuço[f. ln the

lr4odcl Sclcction scction, a ståListical procedure caìled a¡ F-

tcst is administercd to dctermine wheLhcr separaLing thc data

into weckday and wcekcnd bíns ís st¿tistically justified'
Oncc thc ctlccls of chrnging intcrnal loads and air handlcr

opcrating schcdulcs arc accounted for by separating thc data

into bins, the cffcct ofchanging weather on energy usc nìust

bc considcrcd. ln our cxperiencc, whích is mainly with
institutional buildings in Tcxas supplied u'ith district heating

and cooling, daily hcating and cooling cnergy use are

adcquatcly corrclated with thc avcragc rJaily dry-bulb
lcmpcralurc of thc ouLsidc air (Kissock ct al, 1992).

Nunlcrous othcr studies (for example Fels, 1986, Fcls ct al'
1991, Schrock and Claridgc, 1989) have also documcnted tle

2 LE clcctricity usc in commcrcial buildings has bccn tqctc¡ for r¿¡sonal

vari¡l.ion by rcgrc-ssing l-E against outdoor lir tcmPcrature. ln all of tl¡e
c¡scs tltat wc have tcstcd. tlc regression coefficient for tJlc slo¡re is

insignilìornt irrdicatirrg tJr¡t LE elcct¡icity usc in commercial buildings is

not sigrrificalrtly dctcnrincd by sc.asonal eftccts.

correlation between heating and cooling energy usc and

ct

prcdictors of tlermal cnergy use tha¡ oulsidc air tcmpcrature'

Two [unclional forms of thc rclaLionship bctwccn thcrmal

encrgy usc and ouside air tempcrature are rcSresscd^ on each

bin õi cooling and heating cncrgy usc. Thc firsland simplcst

is thc linca¡ relation:

E=al+o2*T (l)

wherc E is thermal encrgy usc, T is oulsidc air dry-bulb

dctcrmincd bY rcgrcssion.
Thc s¿cond funcÜonal form is a four-paramctcr change-

point model (Ruch and Claridgc, l99l) of thc form:

E=cl*a2+(T-a4) T<=d4
E=allo3*(T-44) T>o4

(21

where a1 is thc encrgy consumption at the changc-point

tcnrpcraturc, ø2and a3 a¡s the low and high tcmpcraturc

slopes, ancl a4 is the change-point tcmpcraturc. This model

de-scribcs a retationship betwecn cncrgy usc and tcmperaturc

in which cnergy use varies lincarly with tcmperaturc in each

of the low-tcmperal.urc and high-tcmperaturc rcgions;

howcver, the relationship (slopc) is diffcrent in cach

temperature region (Figure 2). There are.scvcral physical

processes which may initiatc change-point bchavior-in

ðommercial buildings, however' thc dcscription of thcsc

processcs is bcyond thc scopc of this papcr and u'ill bc

addresscd ín [uturc work.

3 'l'lrc stcady sL'ìlc conducÜon cquation for hcrt l-rnlìsfcr ncross a solid

medium is Q = UÄ T wlrcre Q is Lltc r¡tc of hc¡( t¡ansfcr, U is tj¡c ovcr¿ll

conducta¡c¿ of the mc<iium, A is tjre c¡oss-scctionaj a¡ca of tj¡c me<liuln

and ÁT is the tcm¡rraturc dil-tcreocc across tlle mcdiuln' Tìrc str'rdy statc

convcction c4uaÚon for bc¿t t¡ansfer from a solitl to r nu¡d is Q=hÂ.óT'

whcrc h is the convccr.ion cocfficicnl. AT is tllc tcmPcriìlurc diffcrcnc¡

betwc¿n the solid and tjlc fluid and Q and A a¡c lhc s¡¡nc as in tllc

conduction e4urtion. In bot.t¡ of thcsc equations, Q varics lincarly witJt

lcrnperalure,

3
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Figure 2. Exomples olfour-poromerer change-poinl nndels

for hot wotcr ond chilled wuter cnergl use .

¡vfODEL SELECTION

At the end of tie À4odel Development procedure, several

models olenergy usc (weekday, weekend, all-day, and one,

two, and four-paramcter models)¡ may be available for each

ty¡re of encrgy use affected by tle retrofiL In the Model
Sclection procedure, the best pre-retrofit model for each type
of cncrgy usc is sclcctctJ, To acconrplish this, modcls which
arc unncccssary, such as separate wcckday and weckend
modcls which arc ncarly identical, or physically inconsistent,
such as models with a negative cooling slope are eliminated.
Thcn, thc remaining modcl that bests fils tÌ¡e data is selected

as thc bsst modcl of that typ€ o[ energy usc.

Testing If ìrVcckday And \Veckend lrlodels Are ldcn(ic¡l
lf the cocfficicnts ol wcckday and wcckend modcls arc

vcry diffcrcnt, it is probable that u'eckday encrgy use is

1 
^ 

t¡rcc püamctcr modcl, such as dle mcxlcls used hy tJre l¡rinccton
Scorckecping MctJlcxl's I lorting Only and Ccnling Only procc/ures (Fels,

t986), is a spcci¿l c¿sc of tJle morc gencrr.l four-paramelcr mrdcl n4lcre

cithcr ürc low-lcrnpcnturc slo¡rc or üre hig,h-tcmfìcr¿ture slopc ¡s
consù¡.incd (o zlro.

appropriale to consider separate weekday and wecke¡d

ró¿eis. lf the weekday and we¿kend modcl cocfficienls arc

ncarly id bctwccn

weckday lhat thc

building' Y a singlc

modcl w The usc

appropriate.
For one-paramct¿r nlean ntodcls, thc (-test is ths

appropriafe lcsL The t-tesf procedure is as follows' The

simplò sundard dcviation ol weekday cnergy use (Box et al'

1978, pg. ?6) is:

i"ditfcrent from wc¿kcnd cnergy use. In this casc' it is

(3)

where E, is daily weekday energy use' E* is thc mcan daily

wcekday energy use, and n-, is the numbcr of wcckdays in

the samplc. The sample sh¡dard deviation of weckcnd

energy use is found by subsÜtuting values of weekcnd encrgy

use and the numbcr of weekend days info Equation 3. Thc

combined .sample st¡¡da¡d dcviation of thc weckday and

wcckend cnergy use (Box et al. I 978, pg. 76) is:

c3

sd, =
- l) )'+ - l)(srl* )2 (4)

(n, * n- -2)

The þstatistic, þ, is dcfined (Box et al. 1978' pg. 76)

)- (M* ' (s)lo =

whcrc M* and M* are thc unknown valucs o[ thc true

weekday and wcekend population mcans. lf the implicit
a-ssumption o[ random sanrpling holds truc, thcn to is

distributed as the wcll known t-distribution.
Thc çdi.stribution can be u.scd to tcst any hypothcsizctl

ditfcrcncc in population mcans. Vy'c arc intcrcstcd in tcsting

thc hypothesis that wcckday anrl wcckend cncrgy usc are

idcntical. lf this hyporlcsis is I'ruc, then scparatc wcckday and

wcekend mocJcls are unncccssary and cncrgy usc can bc nlorc

succinctly dcscribcd by the use of a single all-day ntodcl' Thc

mathcmatical formulation of this hypothesi.s is known as thc

null hypothcsis and is M-¿ = ll-' To tcst this hypothcsis' wc

)

sd, n4
t/+

+



Lssume that it is true and so Mu'M-=0 in Eqtration 5' 
!

The degrees of freedom ('f ) associared with to (Box et al'

l9?8, Pg. 76) are;

tlf =nu*n*-2 ' 
(6)

The nrobability rhat the null hypothesis is true' i'e" that

;;;täy;;;;.tuallv rhe s!'me on weekdavs and on

*..i., o', i s determ i ncd ot "t:iîîl:J[ i i iJ' ïi::Íí
l9?8 or Neter et al' 1989'

v and weekend energY use is

3, we conclude that separate

ProPriate' lf ùe
d energY use is actuallY

e conclude that the

weektlay/weekend morJels ntay have come.Írom the same

;ili'ìí;; -a *t "¡ttiint 
íttrdav/weekend models' This

decision crireria rejecs separare *'eeitdoy and weekend

models unless there is strong evidence that weekday ard

weekend energy use are indeed different'

For two and four-parameter models' the F-test¡ (Neter et

rr. ìõs9, pg..s7-100:368) is the appropriate sl¡tistictl test to

determine if separate weekday and weekendmo!^els are

;;;;t¡. The use of the F-test to determine if separate

î.*¿.y and weekend m he case of

sii-n-trrear models is J firs steP is to

;;;bi". weekrJaY and w single

regression model using an indi combined

"!ttãti -¿ weekenJregression model for daily energy use 
,

is: 
ì

Ê, = þr+ PrTr+ Prl + PrT'l (?) |

I

where Ê, is daily energy us¿ predicted by the model' l' is the :

average ãaily outdoor air dry-bu)b temperature' I is the

indicator variable, and p,, þr, þr, and pnare regression

coefñciens.
The indicator vari¡blc is defìned to be I for weckdays and

0forweekendr.no"*tx¿'ys'l=landdailyenergyuæis
given bY:

Ê, =(Þ,+ P)+1Pr+ P,)Tt' (8)

For weekends, I=0 ant! ctaily energy use is given by:

Ê, = (þ,)+ (Pr)T¿ ' (9)

rhe F.resr wir resr üre nur r*îïï:,,::;ji 
;::;l= , ;

when both weekdaY and ;

if mooeteO bY Equation 9 and '

models are unnecessary'

sum of squaret! error 'f'or thc

sum of squared enor for the

"reduced" model, SSE(R)' must Ue calculated' The sum of

rqu.t.ã tttot (Neter et al' 1989) is:

55e= i1r,-Ê,)'
(10)

energy

culate

SSE(F) use the full model' Equ in

Ë0, ìi' "", 
0. rhe ":11 

: :i;,ï;j i,î ffi ii::l,'l lj l'"i',i.,when the conditions gtver

ffi:i-;;;'lé'ii"^^s' ro carcurate SSE(R) use

Equation 9 to calculate Ê, in Equation l0' The number of

degrees of freedom associated with the full model' df 
"nd

with the reduced model' df t' ue:

df, =n-4 (l l)

dfn = n-2 (12)

where n is the number of observations of daily energy use data

;;;;t" used in the regresion models'

Thegeneralfinea¡¡-îestNe{eretal'1989'pg'99)is:

( t3)

5 Tl¡c F-test is also rele

by ùre Princeton Scorek

úle more ge neml four-P

stope or tJre biSh't¿mP€

The nrobrbility that the null hypothcsis is true'-Lc" 
lfat

ffii;; äåoy ono weekenã'models are essentially

ii;;å,;;; u.io'no uvrerer ng Fo ro the F-distribution

with dl, -dr numerator deg

denominator degrees of freed

are found in anY statistics text

ã, ol. lgtS. Our decision crite

n criteria rejccts seParäte

unless there is strong evidence

erBY use are diflerent'

ReIectíon Of Physical|y Incon-sistent N{odels
^";î';i;Jt.j.tílo¿til *r'ith are not consistent with our

physical understanding "f 
tttigy use' such us a model which

model, such rs used

is a special ørse of
ùc low-lempeñ)lure
z-ero. Ù)e getterulized

line¡¡t tcst.

5



cncfSy usc predicted by a

us¿ nrediclcd bY a Post-rc

dat¿ is us¡d in the modcls

Mcthod (Fels, 1986) uses

n data from the Posþ

rctrofit pcriod a¡c unav-ailablc cquipnront f;rilurc or

normal maintcnancc ol Lh; mc cquipmcnu In thcsc

;il;';;Ñ'J tootior posr-rctrolit cncrgv usc is

developcd using rhe 
' -- ¡ r for nrc'=

retrofit models.6 Po 
üniatð

predictcd and substi

f,u nf fø-n
CV-SD = 100 *

f,It
I a-t

-p)

( l4)

(l s)
(u - ør)'

CV-RMSE = 100 * E

thc best modcl of pre-retrofit encrgy use'

CALCULATING THE UNCERTAINTY OF SAVINGS

c
s

r
uncerLai

extraPol
random

herntal encrgY use dc'scribcd

t'ictr ¡r:scriUã thc rclationshi P

bctwecn tlrcrmal cncrgY usc

the range of outdoor þmPerat

dau scl If the Prc-reÚont Pc

modcl rcquires an ÀrsumPtion t

;;".* ¿;;;*reass) linearly into thc ncw tcmpcraturc

;;;;;;;;tmpúon which'mav or mav not bc conccL

encrgy savings.

CALCULAT1NG SAVINGS

Rctrofit cnergy savings (S) arc calculated by.subtracting

nrca-surcd cncrgy usc in tn"'nást-rctrofìt period (M) from thc

#ö ;;;;ãi. oa u v th c prc- rctro ñ t *-:9:¡ 
Ít^ì:.,tn"

ã""rií .t;J¿ on any t!åy iJl'in tltt post-rctrofit pcriotl is:

56 = P¿ - M¿' (16)

Thc total savings (S¡) during any pcriod of nr days in thc post-

rctrofit pcriod is thc sum ofintinoiu¡¿ual daily savings:

s¡= i so
d.l

( l7)

This mcthod oI dctcrniining cncrFY savinBs comf

cncrgy us€ prcdictcd by a "etrof'ìì-modcl to measurcd

cncrgy usc from thc posþ s also possible to

dcrrmine savings by comnarr use prcdictcd by a

;;;;;ffi;;o;r;ry'j;;: :åiåil'JJ'
post-rctro[it cncrgY usc'

bir^on-og"r. TÏc advant¡ge o[ comparing tÏe cnergy use
6 Tbe [nst'r"ttofit modcl mriy or mly nol havc

as the prc'rcuofit modcl'

ü¡e same fullcúonal form

(-



The simplcst way to avoid 
ffitîffitntlation 

crror is to i

çreriod wh

daYs. In s

lcr should insPcct thc r

rc-rctroflt modr

.t' *ifLt"quitt that the nrorJcl be

cxtrapolatcd. Thc ntodclcr can tlrcn rcport t¡at an assunlpuon

"?ìi,i""ti,y 
was madc during tbcsc ¡rcriods'

Svstcmatic "t'o' 
*tu" ihtn 

"åtu"t 
are incorrcctly

,";i;;';;;;onsistcnt manncr' such as whcn a scnsor

consistcntly ,"po't't uutu"' *ttrch ut" l0% grcatcr than thc truc

valuc. ln pracl'icc rhis ryric' uit"o' can bc mininlizcd by

#;'u ili;h quoritv n'Ji*ing luiJ,fi':,1;,,1;låi]".s "
thc Texas LoanSTAR Program can

to mininriz¡ systcmatic crror' Onc

of thc nrost intportant ltt*;'i;;;;;J ií t¡tt-rot thc purpose of

;l;;r,,i;s retiorit s tÏ:::Xlåi'T
ntorc inlPorhnt.than roducc an
thc proccdurc ol rcP 

c savings
unwantcd sourcc ol 

librateã with cach
calculations if ths sc

othcr. Uncalibratcd scnsor changc-outs frcqucntly introducc a

;ü;;tiJ,t i;to trrc ¿ata which makcs'n':::11*

; "Ë;il ï ¡ o * I : 9, l.¿ fnf ;:'l'Jitr' l,ïåiifl ;
and thus rcndcrs a Parl

such Drtlblcnls' scnsor 
"pi"tnt"n'slrould 

bc linlitcd to thosc

:""*r';;;'i;l rlt rot u ttiy ncccssary' w hcncvcr a scnsor

nlust bc rcplaced tt'c n"isensor shåuld be prc-calibrated

bcforc it is installc l' and thc ficld scnsor sho¡ld bc post-

calibratctt ùs soon tt ¡t'i--titrnoutd fronr the ficid' In thís way'

a mca-surc of th" dift"'"ncc in thc valucs rcportcrJ by the

scnsors can bc dctcrmit"á-tt¿ thc new (or old) data can be

i.'Ëå" ä,.;_ry*,ï :1:ï['"i:,fi åitrå, ïii;iip
iiÏ'J:fl#;ii,I'r"' sce.(Robinson et at' ree2' o'Ñcar

"itirssz, 
Bocckcr et al' 1992)'

Evcn wirh u 
'"'olut' "ffort 

to minimiz¿ s)'sbmatic error'

somc will always be öti' 
-rLt 

statistical delcrnlination of

thc unccrtainty u*tot¡'t"ã *ith savings-rhat follows docs not

ä;il;;;Ét"n'uti" t"o' and so undcresrimatcs thc truc

uncerlaintyorsouings.-inginceringjudgm.entshould
thcrc[orc be appl i cd i n rñ" intttpttúii on of 

.al 
I stati:':1]"' 

^ ^ ^'
dcrcrminarions of unccrtainty, es¡recially *l-tl-tl:-l:1tu"t*
ir, ,.*on to bclicvc that signifìcant s)'stcmatic crror ¡s

n'îïj,Tj[t,lJ''fiotoontnts or random error' which is the

random fluctuation oi'Ooo oUout an "expected" or "true'

valuc. Thc fÍrst conlponcnt is random ^/:r-:::',':::n^t-:::ot ^'d
iä*,l.io,.tl wittr tnc prccision of s¿nsors and mctcrrng

.'çif n.r"n,. The nr a.gnitudc of thc.possible. ¡1ndom
nrcrsutcmcnt """":';;;;il; 

tpttiiiø by thc m anu facturcr oI

û scnsorr olten as t p"ittn'g"'of thc scnsor¡cading' The

sccond componcnt ¡slandori tnodel ctror' u'hich is the

dcviation of intliui¿uoiäüt"tuotiont from the valuc prcdictcd

bvanrotlcl.Thisnrasnitudcofthistypc.ofcrrorisanlcasurc
.;í ilil;ì u n.,o¿"i'îiiù; tt'c da'u' both componcnts ol

randomerorcanbcquanÚliedusingrleproceduretlati
tot'ffi;n.r*, 

savings and associatcd '.l::l9l:tv 
on anv dav 

!

(ö ;;;; ;.:i-ret¡olir period can bc writtcn as:

(s¿ t %¿) = (Pd i epo) ' (Mo + e¡¿) (18)

whcrc S¿ is thc cncrgy 5avcd' P¿ is thc cncrgy usc^ Drcdictcd

ü'il;1"ìä;;;;ä'r' M; isïe energv usc ¡lcasurcd

;itt*";; pist-rctrofit period' and ¿ is the random crror

associated with r the
Figure 3 giv 

sÆ.

casc of a two-P

Thc dailY chilled watcr cncrgY

retrofit modcl for a given amb as thc

;ii;i;;lï; ui.'ãorntY *' rs

ino*n ä a sct of Prcdiction u ,lPd'
e r¡tl¿J,nt, l¡s ihc data wci tlon

uncerlainty bands' Measurcd -rctrofit

period, M¿. and lhe unccrLain

Chilled
Walef
EnetgY
Use

S6

Ênrd =

P6 wilh
predicl¡on

u n cerlaintY
bands 1¡e*)

Md wilh

meeEulemenl
úncerlalnlY
bands (t¿nø)

c

d

Thc savings unccrtâinty' e'¿' is found l'sinB tlrc.standard

n,"ilrod of combining crrors (Holmar' l9?8' pg' 45) as:

er6=[(ep¿)2+1e,n6)2)i' (19)

Thc measurcmcnt unccrtainty' Emd' is 
dctcrmincd.from thc

.p..ili.o,iont of prccision that usually accompany

mcasurcment s¿nsors and is givcn by:

Ouldoor TemPeratule

('/o mcasurcment unccr[al x Md . (20)

100

?



est = t(l'd2,n-2)[M

7
i(", - r)' *i{-)' 1zs)

¿st - n(n - l)

EEtt

Thc prediction unccrtaìnty' ep6' for alwo-Paramdcr

rcrrcssion modcl of cncrgy t'ö tgl with tenrperature (I) as

üå';ìö;;;ivariaule (Ñcer ct al' lese) is:

whcrc:

2u', - Ê:l'

lr4SE = Mcan Square Enor = -- ,^:Ð 
(23)

I ousirJc of the Prediction

I with the total savings over a

ncriod of m rJal's is lhc root sum of squårcs of the unccruinty

'"ä:î.äÅili rt.r' ¿'irîtìi" or tonings (Holman' le?8'

ps. 45)'

,,, = [Ë{,,)tJ Q,)

For a one-paranìctef mcan nlodel' the unccrtainty açsociated

with rhc total savings ovcr a fpriod of m days can be

;"üì;Ji;;;Eqírtions ó'zo'zt and 24 to be:

1zl)
Epd

? Statistiqrl ¡nctjtcxjs to Íìccount for unccl¡inty in an indc¡nndent

\'a¡iablc. such ôs tcmPcmtÙrc' exist but are fât too cnmplex for most

For a four'paramctcr mod associal'crl

*ir'i,ï. .ä äuine* t- u" ing Equation

26 to each of the two lincar r Thc toøl

ffi.r;it ",t;n 
foun¿ bY combr -'"111::1ttt

trgr"" "rá*nty 
(estt) and the hi8h-tcmperature reglon L

uncertainty (tt¡ù æ prescribcd by Holman' 1978:

esr=[(%tr)2+(esnù2]f ' (27)

Equation 2? JL',Tï'"''V
associated with

associaæd witÏ gs bY substituÜng

the uncertainty associated with ings for €'5¡1 and

ii" ,t*t ¡t,V associaßd with weckcnd savings for et¡1'

e.¡=[(e'u6)2+(e*r)2]] ' (28)

The relative uncerlåinty o[ totat savings is thc unccrtainty

associaæd with the toø låvings divi<Jcd by the total savings'

Rclative Unccrtainty of Total Savings = 94- (29)

Thcse to Y associatcd with

savingsfor tr'"?ìtrììj#$l::"
modcl rcsid 

in the rcgrcssion
ot aJu'a¡'s be nlct' lf nlodcl

n thc Mcan Square Enor

the truc variance of thc data

cases, the data should bc

transformcd to rcmovs thc auto corrclation b^cforc bcinS'

rcgresscd against otptìoìu" (Nctcr ct al' 1989) or this cffcct

-sJ2,t(l n(n

(26)

s Îtc truc unccfLlinty ;r.çsoci¡lcd wiút srvirlAs cîlculiìlcd lrrlln a four-

fìillmcter modcl should includc tlc unceñaintY as'soci¡tcd witlt

dctcrmining the clrange-¡nint tEm Psr¿lurc'

applications. I lcncc, most tcxt books ovcrlook dris ty¡n of urrccruintY

.9



should bc explicitly accounted for in thc statistical cquations

"orîäi;ìi. A iuturc work will addrcss this isue'

CASE STUDY EXAI\'IPLE

handling unis'

andlcr clcctricitY usc for

ncriod so that cncrgY saving

ton.t ucÚon and commissio

cncrc.v savings' Thc Prc-r

to Ue--OctoUcr 16, 1990 to

pcriod u'as dctcr¡nincd to

199 l.

n*, ( CV)- + n* (cv)* (30)
(CV).*tr¿ = n.¿ + n-

n

177

AHU
&WtVdlY)

2160

SD

GWh/d.rY)

cv-sl)
(%)

7

Cornhincrl
cv-sD (%)

1

3.0

Wcckcnd 50 I 933 66.1 3.4

Físure 4. '.'i:^î!;::,!,i::[:i,i;:
Produced elcctricitY use to nost'

;:#l:: 'Yì* 
i' árearrY cvidcnt'

Also apparcnt in Figurc 4 is thc unusuat air h'andlcr

clectricity u.çc that occurrcd during tlrc Thanksgiving'

Toltte I. Decision roble for air hundlcr electriciry use' 
- -

A Gtcst wæ administcrcd to dctcrnlinc if scparatc wcckrJay

and weekend moctcls werJaìptoptiot"' From thc valucs in

îtUl" f and Equations 4' 5' and 6:

sd. = 51.3

t. =37.0
dJ = 115

From a t-table (Netcr et al' 1989' pg' 630)' rhc probability of t

lcss than 0'05' indicating that

models are aPProPriate'

of ine *"cfOoY and wcckcnd

of rìc all-daY modcl' thc

were sclectcd as the bcst

cr elcctricitY usc'

.t u* u" óollated in Tablc 2'

and the lÀsl two are

Models ill and fl3

ls a¡d Modcls d2 a¡rl

e'Point) modcls'

Table 2. Motlc! coefflciens and infuentiol stotistics lor four

,Iitittl pre'retrofii stcam use nwdek'

Þ
È

=

l
I

0d Nd DÉ lïgl t.b Yr 
^F 

Y¡t ,ü N Abr !ç 0d Nd Dæ

9

Modcl
Tyfte

"l
I

@
I lrs

dl

61

o2 c1 cL4

't

RMSE cv-
RMSE

Com-
hincd
cv-

Rl',lsE
4.8

I 1.9

14.3

wD4

30

Á9

60.5

I 1.0

6.67

-.?15

.l .01

-.87?

3

.2u
6ó.5

11.1

2.62

2.1 I

1.85

I 5.4

I 1.7

L 108

l ¡.5



Priate.

Toble 4. Aír hontller electriciry sovíngs lronr Moy

December 3l' l99l'

5,1991 to

Tobte 3. F-lesl oJ srco.nt use Model #3 to ¡leter¡¡ine the

o pprop ri ut e n cs'r o/ ustrrg iå')""i'i'";*'!oy ond v'e ekerul

Toble 5. Sleam sovíngs for the perîod |ron May 5, ]991 lo

Decenùer 3l,l99l'

The wcckday and wcckcnd CV-RMSEs of Modcl #3 were

:"drü's J :'1 

".T 

ä: îï:ii l{ii Ë!
;i;;;;ñ; "omParctl 

to sclcct the bcst

iìitiîì tt'tu" 5) *t sclected sincc i

¡¡wdels,

RMSE,

o!

E
o

o!
:o
E
o

ú

Àverogc DolY T empcr olue (F)

Firure 6, Pre-relroJit model cif steotn use ond ,,,ïli,'iï,n^

;':;d';;";;"'tthtos:.r:':{::;:,î1liåiåltiJiå:,1,'"uon'
distancc betwcen tht l'J:':i:i;i;i*;* cncigy savcd on a

data Point fclrescnts the a

particular daY'

Àvcroge DoIY I cmperoluc (t)

i,ï;:ì.i:1,|:::,{;ä!¿ix":lîri'"!"ì!"!'i"ii'u
enerßY use. ¡2 = '95 ancl

Totnl -
I

23e,4E!-
27¡l'3846?'242-',

3

79
n

Its
lo is

2,412
I.TJ-

M ó35

/q



sâvings. Equation 29 wa-s usso tc

of savings' Thc input p"u*"tt" for Equatíon 25 and

iårîii'ïiî.t.,t"iniv oi t¡l tittti¡titv souings arc listcd in

Tablc 6'

Toble 6. Input porometers lor Eq.uttrio',:'5',2!: ill!!'1.1,:':.
iií'åt¿i¡r't uncerroínty oi rhe oir honller electriciDt sovtng's'

andlnput lraramctcrs

nl

cr

WcckdaY Wcckcnd Tot¡l

t21 50
't7

23Er70

0.05

ó8

0.05

2.01 I

t (E¿ E )

t.9"19

494.89E 2t4,291

){e., )'
19.?94 '7572

201

l4

I?E

61,2A2

26E

2'14.184

0.ffn952 .002J¡ 0.00097t

attdlnput Paratnctcrs
l{qrulLs

l¡w
'l'cnìpcra(urc

Rc¡ion 

-

l.liglt
Tctnncrnturc

Rcgion-

Tourl

l9l
I zzg

CI

n

0.05

1.9"19

0.05

2.O

2.

\r1 -ff
9,977 10,894

itr, -rf
3,4E2 18,t12

){e-, )'
42.54 46.3 I

38.8 45.5

l1

59.E

íì l ivc 0.084
o.o942

SUNlMARY

This paçrcr de'rcribcs a ståtistical methodology to sele¡t

p*;;Jr,i;"d.r::l-':'#.irîåtiJJff i:l'li,il.,
assign a measure ol uncer

o*lt*o, and four-parametcr mcdcls of encrgy.usc ts \
ä;b"å. Ttte uæ of a t-tcst and a F-tcrt to rejcct.

ffiäiaryw-eekday and weekend modcls and a dccision

criteria for sclcctin *in'"-rcttnnt modcl is dc^scribcd'

The assignmcnt of
two, and four-Para

was dcmonstrated :

models of
assigning ding

particiPal'i otFuture Thc cffccts
determ inin g Pre- retrol-it and

ä;;;;;.ï;i"¿ mo¿'ñ*' 
iricary addrcsscJ:'ili :'o
ctionai forms of models is

scparatc daLa ProccssinS'

re ihc dato and dcveloP

aþd conlputcf program I

thc "bcst; Pre-retroñt nrodcl

s intcgrand modcl

u." rht timc now rcquircd to

d to dctcrnline savings at

seParate comPutcr Program ls

s¡ö. ln thc futurc, a single Pr

thc savings at all LoanSTAR

savings calculation Program
progã. nlaintcna¡ce and sh

rcsu lLs.
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ToI:Ie 7. Innut roronrcters lor Eq.uori.o:: .']:.!Í:!' "^U "
on¡t the ,rrulting uncertoínry ol the steom 'tdl'lñ8't'
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of snam savings in cach. of 
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