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ABSTRACT

Mcasured cnergy savings resulting from cnergy
conservation retrofits in commercial buildings can be used to
verify the success of the retrofits, determine the payment
scheduic for the retrofits, and guide the selection of future
retrofits, This paper presents a structured methodology,
developed for buildings in the Texas LoanSTAR program, for
measuring retrofit savings in commercial buildings. This
methodology identifics the pre-retrofit, construction and post-
retrofit periods, normalizes energy savings for changing
weather, accounts for missing cnergy consumption dala, and
guantifics the uncertainty associaled with the measured
savings. A case study from the Texas LoanSTAR program is
presented as an example.

INTRODUCTION

Encrgy conscrvation retrofits of commercial buildings are
typically initialed based on predictions of how much energy
and moncy the retrofit will save. Predicled cnergy savings arc
sencrally calculated using the performance specifications of
cncrgy-using equipment and estimates of the physical
characleristics and operating hours of the building.
Frequently, several values necessary for these calculations,
such as the operating hours of lights and electrical cquipment,
infiltration rates, solar loads, and outside-air flow rates for
ventilating equipment are estimated using "engineering
judgment™. Thc calculation procedure or soflwarc may also
muke simplifying assumptions in order to reduce the
complexity and time required for the calculations, Because of
these factors, predicted savings often differ substantially from
mcasurcd savings. In a study of over 1,700 building encrgy
retrofits, fewer than onc in six came within 20% of measured
results (Greely et al. 1990).

Because of the potentially large discrepancy beiween
predicied and measured savings, there is substantial interest in
measuring enerpy savings. Mcasured energy savings resulting
from cnergy conservation retrofits in commercial buildings
can be used to verily the success of the relrofits, determine the
payment schedule for the retrofits, and guide the selection of
future retrofits,  Measured savings, in contrast to predicled
savings, can also bencfit utilitics that support encrgy
conservalion and demand side management programs.

The simplest method 1o measure cnergy savings is (o
dircetly compare pre-retrofit and post-retrofit encrgy use.
However, varying weather conditions between the pre-retrofit
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and post-retrofit periods can influence energy usc and may
obscure the change in energy usc caused by a retrofit. To
provide a more accurate measure of the energy saved by a
retrofit, the effect of changing weather conditions on energy

usc should be removed. This is accomplished by developinga
weather-dependent model of a building's pre-retrofit cnergy
use. The building's pre-retrofit energy use can then be
simulated under post-retrofit weather conditions and
compared with post-retrofit encrgy usc o determine savings.

The pre-retrofit model of energy use may be cither an
empirical (statistical) or a simulation model. Calibrated
simulation modcls of pre-retrofit cnergy use (Katipamula and
Claridge, 1991) can be used when pre-retrofit energy X
consumption data is limited, however, the unccriainty
introduced by simulation modcls is difficull to asscss.
Statistical models of pre-retrofil encrgy consumption are
almost always casicr to develop than simulation models, and
the uncertainty associated with the resulting savings can be
calculated using accepted statistical procedures.

This paper describes a structured, statistical methodology
to measure encrgy savings in commercial buildings. The
mecthodology can be subdivided into six steps as shown in
Figure 1. The ncxt six sections of the paper describe these
sieps, followed by a case study cxample. This methodology is
currently used by the Texas LoanSTAR (Loans to Save Taxes
And Resources) Program (Claridge et al. 1991) as part of an
efforl o measure encrgy savings in state owned buildings.
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Figure I. Flow chart of the methodology for measuring
retrofit energy savings in conunercial buildings.

Reprinted with permission from the Proceedings of the 8th Symposium on Improving Building Systems in Hot &
Humid Climates, May 13-14, 1992, Dalles, Texas, Energy Systems Laboratory, Department of Mechanical Engineering, Texas A&M University.



DATA COLLECTION AND PREPARATION

A stalistical pre-retrofit model requires energy
consumplion data from before a retrofit is installed. These
data provide bascline information about how much cnergy the
building consumes in its pre-retrofit condition and are
essential if savings arc to be measured. The methodology
described here uscs daily cnergy consumption data which has
been summed from hourly data.} Daily cnergy consumption
data may be available from a building's energy management
and control system (EMCS) with encrgy trending capabilities
(Claridge ct al. 1992). In buildings wilhout a trending EMCS,
an indcpendent data acquisition system may have 1o be
installed in order (o acquire daily cnergy consumption data.
In several cases, the continuous melering of encrgy use in
commercial buildings has saved many times the cost of the
dala acquisition system hy identifying inclficicnt operaling
and control procedures (Haberl and Claridge, 1987, Haberl
and Vajda, 1988, MacDonald cl al. 1989, Kissock ct al. 1991).

To provide the best measure of energy savings, the energy
usc of cach type of equipment being retrofitied should he
separately metcred. For example, if conslant-volume air
handlcrs are being converted Lo variable-air-volume air
handlers, the total electricity used by the air handlers should
be metercd. This can often be accomplished by metering the
clectricity used by a distribution pancl (often called a motor-
control-center) which distributes clectricity to all of the air
handlers in the building.

If the cnergy savings gencrated by Jighting retrofits are (o
be exactly measured, then all of the electrical feeds to the
lighting fixturcs must be identificd and metered. In praclice,
this is often difficult and cxpensive since lighting fecds are
usually distributed throughout a building. A less expensive
method to determine savings gencraled by a lighting retrofit is
to mcter the whole-building clectricity use and air handler
clectricity use. The diffcrence between these two channels is
lighting and equipment (LE) clectricity use. Comparing a
short period of LE clectricity use immedialely before and
immediately after a lighting retrofit will yield a good estimalte
of the clectricily saved by the retrofit. Over a longer period of
time, however, this estimatc of savings from the lighting
retrofit may become less accurate as other electrical
equipment is added to or removed from the building.

Il a retrofit is expected (o reduce heating and cooling
cnergy use, these channels should also be metered. In
buildings where heating and cooling are gencrated on-site,
mctering the energy supplicd to the heating and cooling
cquipment is sufficicnt, If the building subscribes to district
heating and/or cooling, then whole-building heating and/or
cooling can be measured hy metering heating and cooling
cnergy as it enters or leaves the building. For more
information about sub-melcring energy use in buildings sce
O'Ncal ct al. 1990 and Boccker ct al. 1992,

Avcrage daily outdoor air temperature is used as the
primary indicator of environmental conditions that affect

! Other methods, most nolably the Princelon Scorekeeping Method (Fels,
1986), have used monthly billing data to normalize savings for changing
weather.

building energy use. Outdoor air temperature data may be
available from a building's EMCS. If not, the National
Wealher Service provides minimum and maximum daily
temperaltures for most U.S. cities from which the average
daily temperature can be calculated.

PRE AND POST-RETROFIT PERIOD IDENTIFICATION
AND DATA CLEANING '

Preferably, a full year of pre-retrofit data should be
collected to account for seasonal effccts on cnergy usc. The
pre-retrofit period should extend until retrofit construction
influences the encrgy consumplion of the building, If a
detailed schedule of construction activilics is available, then
determining when a retrofit becomes operational is trivial. In
some cascs, however, exact retrofit construction dates are
difficult to obtain. In these cases, the end of the pre-retrofit
period and the beginning of the post-retrofit period can oftcn
be determined by inspecting energy consumption data and
scarching for discontinuitics in the energy consumption
pauterns. For example, when constant-volume air handlcrs are
convericd (o variable-air-volume air handlers, the time-serics
plot of air handler clectricily use changes from a ncarly ..
constanl signal o a signal with small discontinuities (during
construclion) and then to a variable signal when the variable-
air-volume system comes on line (Kissock et al. 1992).

In practice, the construction and commissioning of a
retrofit may take a period of weeks or even months. During
this period, encrgy use may be different than in the pre-retrofit
period and different than the energy usc after the retrofit is
fully operable. We call this period the "construclion period”
and calculate the energy saved or the additional cnergy
consumed during this period. In our experience, most
buildings save energy during the construction period. In a few
cases, energy use actually increases during the construction
period. We try Lo identify the practices that cause the
increased cnergy use and to inform the installers of the retrofit
of these practices so that they can be minimized in the future.
In any case, we regularly include cnergy savings (or
"negative” savings) during the construction period in the (otal
encrgy saved by the retrofit.

Depending on the number of channcls being monitored,
ensuring the qualjty of the data may be a formidablc task.
Mcters musl be correctly calibrated when installed and re-
calibrated at frequent intervals to avoid "drift” in the signal.
Delecting bad data can also be difficuil. There are scveral
pieces of software which can avtomate parts of the qualily

" control task, however, an extensive discussion of quality
* control procedurces is beyond the scope of this paper. As a

first slep, producing time scries and relational plots of the dala
and comparing the values of measured data with expected
values can identify many instances of bad data. Encrgy
consumption data which is incorrect or highly questionable
should be removed from the data set in order to improve the
reliability of the results. We perform the tasks of period
identification and some quality contro] procedures using a
data browsing software (Lantern, 1990) that quickly makes
time-serics and relational graphs (sce Figure 4 for example).
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MO—DEL IDENTIFICATION - ] correlation between heating and cooling energy use and
' average outdoor temperature. The effects of other weather
Next, statistical models of the pre-retrofit encrgy use of related parameters such as humidity‘and-solar_radialion on
cach type of cnergy influenced by the retrofit should be building encrgy use are currently being 1nv&<L|g:alcd (Ruchct
developed. The funclional form of each model is suggested al. 1_991' Wu ct al. 1992), but appear to hc'lc.cs'lmporlanl
by our physical understanding of how a particular type of predictors of l:hcrmal chergy use lhzm' oulsfdc air temperature.
energy use should vary, For example, constant-volume it Two funclional f'orms. of the relationship between thermal
encrgy use and oulside air temperature are regressed on each

handler clectricity consumption is independent of weather . . . :
condilions, but may vary with the operating schedule of the air !)“1 of ?Oonng a”,d heating energy use. The first:and simplest
is the lincar relation:

handlers. Therefore, constant-volume air handlcr electricity
vse can be modeled as the mean clectricily use during each _ *

opcrational period. 1f the air handlers arc shut-down on E=ap+ap*T b
weekends, then separate weckday and weckend models are
appropriale.

Lights and equipment (LE) clectricity use is also
rcasonably independent of the weather? and can be modeled as
mean values of weekday and weckend LE clectricitly use.
Mecan models of cnergy use arc called one-parameicr models
because only one parameler, the mean, is determined
statistically.

Occasionally, it is not clcar whether air handler or LE
clectricity use vary sufficicntly during different operational
periods to juslify a separate cnergy use model for each period.
In these cascs, scparate models of energy usc for each
opcrational period and for the entire period are developed. A
statistical procedure called a t-test is then administered during
the Model Sclection procedure o determine whether the use
of scparatc modcls for cach operational period is statistically temperature, ap and a3 are the Jow and high tlemperature
justified. slopes, and ay is the change-point temperature. This model

Changes in the quantilics of heating and cooling energy use describes a relationship between encrgy use and temperature
are primarily determined by changing weather, internal loads in which cnergy use varies lincarly with temperature in each
(heat gencerated by electrical cquipment and people), and the of the low-temperature and high-temperature regions;
operating schedule of the air handlers. Since the operating however, the relationship (slope) is different in cach
schedule of the air handlers is typically the same as the temperature region (Figure 2). There are scveral physical
schedule of occupancy (and internal loads), the influence of processes which may initiate change-point behavior in
both the air handler schedule and varying internal loads on commercial buildings, however, the description of these
hcating and cooling can be accounied for by scparating the processes is beyond the scope of this paper and will be
data into bins which correspond Lo this schedule. For most addressed in future work.
commercial buildings, separating the data into weckday and
weekend bins will account for the effects on thermal encrgy
use of changing internal loads and air handler shut-off. In the
Model Sclection scction, a statistical procedure called an F-
test is administered to determine whether separating the data
into weckday and weekend bins is statistically justified.

Once the cffects of changing internal loads and air handler
operating schedules are accounted for by separating Lhe data
into bins, the cffect of changing weather on energy use must. 1
be considerced. In our experience, which is mainly with
institutional buildings in Texas supplied with district heating
and cooling, daily heating and cooling cnergy use are
adequatcly corrclated with the average daily dry-bulb
tcmperature of the outside air (Kissock et al. 1992).

Numerous other studies (for example Fels, 1986, Fels cl al.
1991, Schrock and Claridge, 1989) have also documcnied the

where E is thermal encrgy use, T is outside air dry-bulb
(cmperature, and a and oy are regression coefficients. This
relation is suggested by the steady stale conduction and
conveclion equations in which heat transfer varics lincarly
with temperatore.® This functional form is called a two-
parameler model since two parameters, o] and ap, are
determined by regression.

The second functional form is a four-parameler change-
point model (Ruch and Claridge, 1991) of the form:

E=aj+a3*(T-0o4) T<=0a4 2)
E=ay+a3*(T-a4) T>ayg Sl

where a1 is the encrgy consumption at the change-point

3 The steady state conduction equation for heat transfer across a solid
medium is Q = UAAT where Q is the rate of heat translcr, U is the overall
conductance of the medium, A is the cross-sectional arca of the medium
and AT is the temperature difference across the medium. The sicady state
convection equalion for beat transfer from a solid to a Nuid is Q=hAAT,

2 LE clectrici i ial buildi

T city b commc{cml bunldmgs' has been tested for seasonal where h is the convection coefficicnt, AT is the temperature difference

variation by regressing LLE against outdoor air temperature., In all of the bet the solid and the fuid and 4 A the saume as in U

cases that we have tested, the regression coefficient for the slope is ween thetsohdlandifigiuiteg Qand A are the sume asin the
conduction equation. In both ol these equations, Q varics lincarly with

insignificant, indicaung tat LE electricily use in commercial buildings is

nol significantly detenmincd by scasonal effects. lemperature.



Hot i~different from weekend cnergy use. In this case, it is

Waler appropriale 1o consider separate weekday and weckend

Energy models. If the weekday and weekend model cocfficients are

Use a2 ! . ncarly identical, then it is probable that no difference between

weckday and weekend cnergy use actually exists and that the

building's encrgy use can be accurately represented by a single

" model which includes both weekdays and weckends. The use
of scparate weekday and weckend models in this case is
unnccessary and misleading. Statislical procedures such as a
t-test (for one-parameler models) or an F-test (for multiple
parameter models) can determine if separate wecekday and
weekend models or if a single all-day model of cnergy usc is
appropriale.

o4 Quldoor Temperalure For one-parameter mean models, the t-test is the

appropriate (est. The t-test procedure is as follows. The

sample standard deviation of weckday encrgy vse (Box el al.

1978, pg. 76) is:

atl : k) '

Chilled
Waler 1
Energy i o - ’

Use a3 2 E~EL)

d - d=1 3
sd,y T 3)

al

a2 where E, is daily weekday energy use, E_, is thc mean daily
weekday energy use, and n_, is the number of weekdays in
the sample. The sample standard deviation of weckend
energy use is found by substituting values of weekend encrgy
a4 Outdoor Tempetalure use and the number of weekend days into Equation 3. The
combined sample standard deviation of the weekday and

weekend energy use (Box el al. 1978, pg. 76) is:

Figure 2. Examples of four-parameter change-point models
Jor hot water and chilled water energy use .

o, =[(n_1, - 1)(sd.,)* +(n,, = 1)(sd, . )* ]’ . @
(ny+n_.-2)

MODEL SELECTION

At the end of the Model Development procedure, several The t-statistic, Lo, is defined (Box et al. 1978, pg. 76)

models of energy use (weekday, weekend, all-day, and one,

two, and four-paramcler models)! may be available for each (E,—E_)- (M -M_)
type of energy use affected by the retrofit. In the Model [ = e (5)
Sclection procedure, the best pre-retrofit model for each type sd, JT/ + y
of energy usc is sclected. To accomplish this, models which i e
arc unnccessary, such as separate weckday and weckend
modcls which are ncarly identical, or physically inconsistent, where M_, and M, are the unknown valucs of the true
such as models with a negalive cooling slope are eliminated. weekday and weekend population means. 1f the implicit
Then, the remaining model that bests fits the data is selecled assumption of random sampling holds true, then Lo is
as the best model of that type of energy use. distributed as the well known t-dislribution.
The t-distribution can be used o test any hypothesized

Testing If Weckday And Weekend Models Are Identical difference in population means. We arc interested in testing

If the cocfficicnts of weckday and weekend models are the hypothesis that weekday and weekend encrgy use are
very different, it is probable that weekday energy use is identical. 1f this hypothesis is true, then scparate weckday and

weekend models are unnccessary and energy usce can be more

4 A three parameter model, such as the madels used by the Princeton suceinctly described by the use of a single all-day modcl. The
Scorck(':cping Metiod's Heating Only and Cooling Only procedures (Fels, mathematical formulation of this hypothesis is known as the
1986), is a special case of the more gencral four-parameter model where null hypothesis and is M_, =M. Tolest this hypothesis, we

cither the Jow-femperature slope or the high-temperature slope is
constrained (o zcro,



sssume that it is troe and so M_, - M., =0 in Equation 5. l
The degrees of freedom (df) associated with tg (Box et al,
1978, pg. 76) are:

df =n_y +n~2 . (6)

The probability that the null hypothesis is true, i.e., that
energy use is actually the same On weekdays and on
weekends, is determined by referning 1o 1o a t-table with df
degrees of frecdom. T-tables are available in any standard
statistical text such us Box el al. 1978 or Neter et al. 1989,

If the probability that weekday and weekend energy use is
actually the same is less than 0.05, we conclude that separate
weekday and weekend models are appropriate. If the
probability that weekday and weekend energy 0se is actually
the same is greater than 0.05, we conclude that the
weekday/weekend models may have come from the same
population and we reject the weekday/weekend models. This
decision crileria rejects separate weekday and weekend
models unless there is strong evidence that weekday and
weekend energy use are indeed different.

For two and four-parameter models, the F-test® (Neter et
al. 1989, pgs. 87-100, 368) is the appropriate statistical test to
determine if separate weekday and weekend models are
needed. The use of the F-test 10 determine if separate
weekday and weekend models are needed for the case of
simple Jinear models is described below. The first step is 10
combine weekday and weekend models into a single
regression model using an indicator variable, I. The combined
weekday and weekend regression model for daily energy use
is

E‘:‘d =p+ B.T,+ B+ BT m ||

where IQ‘, is daily energy use predicted by the model, T, isthe
average daily outdoor air dry-bulb temperature, 1is the
indicator variable, and B,, B,, B, and B.are regression
coefficients,

The indicator variable is defined to be 1 for weekdays and
0 for weekends. For weekdays, 1=1 and daily energy use is
given by:

E,=(B,+ B+ (B + BT, ®)

For weekends, 1=0 and daily energy use is given by:

E,=(B)+ BT, )

5 The F-test is also referered (0 asA three-parumneter model, such as used
by the Princeton Scorekeeping Method (Fels, 1986), is a special case of
e more general four-paruneler nodel where either the Jow-temperature
siope or the high-lemperature slope is consirained 10 2ero. the generalized
linear test.

The E-test will test the null hypothesis, Ho: B; = 5. =0, '

against the alternative hypothesis, Ha: not both B, = B, =0.
The null hypothesis is accepted when both weekday and
weekend energy use is adequately modeled by Equation 9 and :
separate weekday and weekend models are unnecessary.

To test this hypothesis, the sum of squared error for the
»rull™ model, SSE(F), and the sum of squared error for the
"reduced” model, SSE(R), must be calculated. The sum of
squared error (Neter et al. 1989) ist

SSE = i(E,-E“,)’ (10)
d=l

where E, is daily measured energy use, E'., is the daily energy
use predicied by the model, and n is the number of
observations of daily energy usé in the sample. To calculate

SSE(F) use the full model, Equation 7, to calculale E‘_. in
Equation 10. The nreduced” model is the model that results
when the conditions given by the null hypothesis are enforced
and is given by Equation 9. To calculaie SSE(R) use

> -

Equation 9 to calculate IZ‘, in Equation 10. The number of
degrees of freedom associated with the full model, df, and

with the reduced model, dfy, are:
dfy =n—4 an
dfy =n—2 (12)

where 1 is the number of observations of daily energy use data
that are used in the regression models.
The general linear F-Test (Neter et al, 1989, pg. 99) is:

_ SSE(R)—SSE{F}+SSE(F}

o (13)
dfy = dfs df

The probability that the null hypothesis is true, i.e. that
separate weekday and weekend models are essentially
identical, can be found by referring Fg to the E-distribution

with df, — dfy numerator degrees of freedom and dfe
denominator degrees of freedom. Tables of the F-distribution
are found in any statistics Lext such as Box et al. 1978 or Neter
et al. 1989, Our decision criterion is o use separale weekday
and weekend models if the probability that the weekday and
weekend models are identical (i.e., that Ho is true) is less than
0.05. Like the decision criterion used for the (-1est of one
parameter models, this decision criteria rejects separate
weekday and weekend models unless there is strong evidence
\hat weekday and weekend energy use are different.

Rejection Of Physically Inconsistent Models
We also reject models which are not consistent with our
physical understanding of energy use, such us a model which



predicts decreasing chilled water use with increasing
lemperalure. Physically inconsisicnt models usu ally arise
because of small pre-retrofit data sets which may misrepresent
the actual cnergy use patterns of a building.

Sclecting The "Best” Remaining Model

Einally, the remaining model with the best fit to the dala is
sclected as the best model. The coefficient of variation of the
standard deviation (CV-SD) is used for one-parameter models
{0 determine goodness-of-fit. The coelficient of variation of
the rool mcan squarc crror (CV-RMSE) is used for (W0 and
four-parameler models to determine goodness-of-fit. The CV-
D and the CV-RMSE (SAS, 1990) are:

i
[E(EJ—E)’/(n— 1)]
=)

CV-SD = 100*~~——=—"""
E

1
[Z(B—é,)’/(n— p)]
d=]

CV-RMSE =100 "‘____————E————-'——“

(14)

(13

where Eg is cnergy use on any day d, E is the mean daily

cnergy use in the pre-retrofit period, E, is the daily encrgy
use predicted by the pre-retrofit model, n is the number of
days in the pre-retrofit period, and p is the number of
regression paramcelers in the model, The CV-SD and CV-
RMSE are non-dimensional measures of how well a model fits
the data; Jow values represent good fits. The remaining
model with the lowest coefficient of variation is selected as
the best model of pre-retrofit encrgy vse.

CALCULATING SAVINGS

Retrofit enerpy savings (§) arc calculated by subtracting
mcasured encrgy usc in the post-retrofit period (M) from the
encrgy use predicled by the pre-retrofit model (P). The
cnergy saved on any day (d) in the post-retrofit period is:

Sq = Pg - Md. (16)
The total savings (S during any period of m days in Lhe post-
retrofit period is the sum of the individual daily savings:

SI.:Z S

del

a7

This method of determining encrgy savings comparcs
cnergy use predicted by 2 pre-reirofit model to measured
energy use from the post-retrofit period. Itis also possible to
determine savings by comparing the energy use predicted by a
pre-retrofit model to the cnergy use predicied by 2 model of
post-retrofit encrgy usc. Each method has advantages and
disadvantages. The advantage of comparing the cnergy usé

I e - - ——— -

predicied by a pre-retrofit model with measured energy Use
from the post-retrofit period is thal this method avoids the
additional uncertainty introduced by using a model o estimale
post-retrofit energy consumption. Hence, this method
provides a more precise measure of the encrgy saved during
the post-retrofit period.

The disadvantage of this method js that savings depend on
the weather during the post-retrofit period. An urusually cold
post-retrofit winter, for cxample, may increase sicam savings
if the retrofit reduced sicam use more during cold weather
than during warm weather. The savings during "average”
weather conditions can be determined by comparing the
cnergy use predicted by a pre-retrofit model with the energy
use predicled by a post-retrofit model if "average" weather
data is uscd in the models. The Princelon Scorckeeping
Method (Fels, 1986) uses this method 1o compute the
Normalized Annual Consumption of buildings based on
approximately len years of measured daily lemperature data.

Occasionally, encrgy consumption data from the post-
retrofit period are unavailable due to equipment failurc or
normal mainicnance of the melering equipment. In these
cascs, a statistical model of post-retrofit encrgy use is
developed using the same procedures described earlier for pre-
retrofit models.S Post-retrofit energy use can then be L
predicted and substituted for Mg in Equation 16 1o cstimale
encrgy savings.

CALCULATING THE UNCERTAINTY OF SAVINGS

It is important Lo assign a measure of uncertainty 1o the
calculated savings. This enables uscrs of the calculated
savings to know how confident they can be of the reporied
results. There arc essentially three types of error (or
uncertainty) which can influence the reported savings:
extrapolalion error, syslemalic error, and random error, Only
random error can be quantificd using statistical procedures,
however, knowledge of the nature and causcs af extrapolation
and syslemalic errors can enable the practitioner (0 minimize
or avoid these types of crrors.

The pre-retrofit models of thermal encrgy use described

" above arc regression models which describe the relationship

between thermal energy use and outdoor air lemperature over
the range of outdoor temperatures present in the pre-retrofit
data sct. 1f the pre-retrofit period is less than a full year,
outdoor temperatures from (he missing scasan(s) may not be
represented in the data sel. In these cases, daily outdoor air
temperatures during the post-retrofit period may be well
outside of the range of the daily lem peraturcs encountered
during the pre-retrofit period, requiring extrapolation of the
pre-retrofit model outside of the range of lemperatures for
which it was developed. This extrapolation of the pre-retrofit
" model requires an assumplion thal encrgy use will continue Lo
increase (or decrease) linearly into the new temperature
region, an assumption which may or may not be correck.

6 The post-retrofit model may or may rot have e same functional form
* as the pre-relrofit model.
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The simplest way 10 avoid model extrapolation crror isto
ensure that the pre-retrofit period extends for a full year, or at
the minimum for a six-month period which includes both hol
symmer days and cold winter days. In sitvations where this is,
nol possible, the modeler should inspect the range of
[emperatures over which the pre-retrofit models are developed
and note the temperatures which will require that the modcl be
cxtrapolated. The modeler can then report that an assumplion
of lincarily was made during these periods.

Syslemalic Crror oceurs when values are incorrectly
reporicd in 2 consistent manner, such as when 2 sensor
consistently reports values which arc 10% greater than the true
valuc. In practice this type of crror can be minimized by
sclccting high quality melering cquipment and installing it
correctly, bul it can never be completely eliminated.
Experience gained during the Texas LoanSTAR program can
suggest some procedures Lo minimize sysicmatic error. Onc
of the most important Icssons learncd is that for the purpose of
calculating retrofit savings, \he continuity of metercd data is
more important than the precision of the data. For example,
the procedure of replacing a sensor may introduce an
unwanted source of syslemalic error into the savings
calculations if the sensors arc not cxactly calibrated with cach
other. Uncalibrated sensor change-outs frequently introduce a
discontinuity into the data which makes an accurale
comparison of pre and posl—scnsor-rcplnccmcnl impossible
and thus renders a part of the data set useless. To minimize
such problcms, sensor replacement should be limited to those
cases when it is absolutely necessary. Whenever a sensor
must be replaced the new sensor should be pre-calibrated
before it is installed, and the ficld sensor should be post-
calibrated as soon as it is removed from the ficld. In this way,
2 measure of the difference in the values reported by the
scnsors can be determined and the new (or 0ld) data can be
adjusted Lo prescrve the continuity of the data scl. For more
extensive discussions of the calibration procedures used by the
Texas LoanSTAR program scé (Robinson et al. 1992, O'Ncal
et al. 1992, Boccker et al. 1992).

Even with a resolute effort o minimize systematic error,
some will always be present. The statistical determination of
the uncertainty associatcd with savings that follows docs not
account for systcmatic error and so underestimates the true
uncerlainty of savings. Engincering judgment should
therefore be applicd in the interpretation of all statistical
determinations of uncertainty, especially when the practilioncr
has reason to belicve that significant sysiemalic error is
present in the data.

There are two components of random error, which is the
random fuctuation of data about an "expecied” or “rue”
value. The first component is random measurement €rror and
is associated with the precision of sensors and metering
cquipment. The magnitude of the possible random
measurement error is usually specificd by the manufacturer of
a sensar, often as a percentage of the sensor reading. The
sccond component is random model crror, which is the
deviation of individual obscrvations from the value predicted
by a model. This magnitude of this type of crror is a mcasurc
of how well a modcl "fits” the data. Both componcnts of

random error can be quantificd using the procedure that
follows.

The energy savings and associated uncerlainty on any day |
(d) in the posl—rcuoﬁl period can be writlen as: :

(Sq+&sd) = (Pg £ €pd) - (M{ % Emd) (18)

where Sg is the energy saved, Pg is the energy use predicted
by the pre-retrofit model, M is the energy use measured
during the post-retrofit period, and € is the random crror
associated with each parameter.

Figure 3 gives a graphical example of Equation 18 for the
case of a two-parameter model of chilled water energy use.
The daily chilled watcr encrgy Use predicted by the pre-
retrofit model for a given ambicnt temperatore is shown as the
point Pg. The uncertainty associated with predicting Pq is
shown as a sct of prediction uncertainty bands of width €pd.
A model that fits the data well will have narrow prediction
uncertainty bands. Measurcd energy use from the post-retrofit
period, Mg, and the uncertainty of the measurement, Emds arc
also shown. The energy saved is represented by the vertical
distance between Pg and Mg, The uncertainty associated with
(he encrgy saved is found by combining the prediction and

measyrement uncertaintics. sore N
Chilled
Walef ]
Enetgy Fyg with
Use prediction
uncertainty
bands (+&
(& pd)
Mg with
measuiement
uncertamnty
bands (€4

Ouldoor Temperalure

Figure 3. Example of predicied energy use (Pgh measured
energy use (Mg), and energy saved (S4) with associated
uncertainty bands (£€pd and +Epg). The uncertainty of the
cnergy saved is the rool sum of squares of the prediction and
measurement uncertainty.

The savings uncertainty, £sd. is found using the standard
method of combining errors (Holman, 1978, pg. 45) as:

g = [(epa)? + Emd))* - (19)

The measurcment uncertainty, Emds is determined from the
specifications of precision that usually accompany
measurement sensors and is given by:

(% measurcment uncertainty)
100 *Md

Emd = 20)



The prediction uncertainty, Epd, is the uncertainty associated
with predicting encrgy use using the pre-retrofit modcl. 'ﬂ\{‘-.
prediction uncertainty includes the uncertainty associated with
measuring pre-retrofit energy use (Neter et al. 1989, pe- 170-
171). The prediction uncertainty, Epds for a one-parameler
mean model of cnergy use (E) is (While, 1980) =

1
1

S (E,-E)
4= o2, D | - @n

p n(n-1)

The prediction uncertainty, Epds for a two-paramelcr
regression model of encrgy use (E) with temperature (T) as
the independent variable (Neter ct b, 1989) is:

—A\2
T,-T
gpd = 10/, m:}[MSE]* 1+ln+—(~‘——l— (22)

):(TJ T f),

=1
where:
3 (E, -EY
MSE = Mcan Square Error = ¢l . (23)
(n-2)

In Equations 21 and 22, 1(1-a/2, n-p) is the t-statistic and is
tabulated in any standard statistics text. The {-slatistic is a
function of the significance Jevel (o), the number of days in
the pre-retrofit period (n), and {he number of parameters in the
mode! (p). The significance jevel (o) indicates the fraction of
predictions that are likely to fall outside of the prediction
uncertainty bands (Figure 3).

The uncertainty associated with the total savings over a
period of m days is the root sum of squares of the uncertainty
associated with cach daily value of savings (Holman, 1978,

pg. 45).

st = {i(em)*]; 24)

d=l

For a one-parameter mean model, the uncertainty associated
with the total savings overa period of m days can be
caleulated from Eguations 19, 20, 21 and 24 to be:

-

7 Sutistical methods Lo account for uncertainty in an independent
variable, such as temperature, exist but are far too complex for most
applications. Hence, most text books overlook his type of uncertainty.

e = | mit +3 () @5)

For a lwo-parameter model of energy usc as a function of
outdoor temperature, the uncertainty associated with the total
savings over a periad of m days can be calculated [rom
Equations 19, 20, 22, 23 and 24 (o be:

R ¥ )
Esl=l(l.a/2,n-2)[MSE]’ m+-;-+ﬁ'—————-—-+"" (26)

" . 2
E(TJ _T]2 1*MSE

é=l

For a four-parameter medel, the uncertainty associated
with the total savings can be estimated by applying Equalion
26 to each of the two lincar regions separately.® The total
uncertainty is then found by combining the Jow-temperature
region uncertainty (gg1) and the high-temperature region
uncertainty (Esht) s prescribed by Holman, 1978: o=

e = [(est)? + Esh) A - @n

Equation 27 can also be used lo calculate the uncertainty
associated with the total savings from the uncertainty
associated with weckday and weekend savings by substituling
{he uncertainty associated with weekday savings for €g]¢ and
the uncertainty associated with weekend savings for Eghte

e = [Ewd)? + Ewe2l - (28)

The relative uncertainty of total savings is the uncertainty
associated with the total savings divided by the total savings.

Relative Uncertainty of Total Savings = %’— 29
’ ]

These formulalions of the uncertainty associated with
savings for the (wo and four-parameler modcls assume that the
model residuals are uncorrelated, Because of the time-serics
nature of the energy usc data used in the regression
procedures, this assumption may not always be met. 1f model
residuals are highly correlated, then the Mean Square Error
(Equation 23) may under-estimate the truc variance of the dala
about the model. In these cases, the data should be
transformed to remove the auto correlation before being
regresscd against lemperature (Neter ct al. 1989) or this cffcet

8 The truc uncertainty associated with savings calculated from a four-
parameter model should include the uncertainty associated with
determining the change-point temperature.



should be explicitly accounted for in the statistical cquations
of uncertzinty. A future work will address this issue.

CASE STUDY EXAMPLE

In this example, air handicr electricity and steam savings
will be calculated for a huilding participating in the Texas
LoanSTAR program. The example building is a 103,000
square fool university building conlaining classrooms, lecture
halls, offices, and an auditorium. The primary retrofit to the
building was the conversion of constant-volume air handling
units 1o variable-air-volume air handling units.

Data Preparation and Period 1dentification

Primary data preparation included summing hourly energy
cansumption data 1o daily data and collecting average daily
{cmperature data from \he National Weather Service. Next,
the pre-retrofit and post-retrofit periods were identified. Since
the retrofit constroction schedule was unavailable, the pre-
retrofit and post-retrofit periods were identificd by inspecting
a time-serics plot of daily air handler clectricity use for
disconlinuitics that suggest when the conversion from
constant-volume 10 variable-air volume air handlers vecurred.
In Figure 4, the pre-retrofit period was identificd by the
regular patiern of clectricity use thal exlends o May 5, 1991.
The pre-retrafit period is fallowed by a period of irregular and
Jecreasing clectricity use that extends until the end ol May.
The encrgy use during this period is characteristic of energy
use during the construction and commissioning of the retrofil,
We included this "construction period™ in the post-retrofit
period so that encrgy savings (or losscs) incurred during
construction and commissioning are included in the tatal of
encrgy savings. The pre-retrofit period was then determined
10 be October 16, 1990 10 May 5, 1991 and the post-retrofit
period was determined to be May 6. 1991 to December 31,
1991.
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Figure 4. Time series plot of daily air-handler electricity use
produced by data browsing software. The transition from pre-
retrofit constant-volume air handler electricity use to post-
retrofit variable-air-volume clectricity use is clearly evident.

Also apparent in Figure 4 is the unusual air handler
clectricity use that occurred during the Thanksgiving,

Christmas, and Ncw\’cnrs .Day holidays. Because the pre-

retrofit period is less than a full ycar, these periods of unusval
energy use would disproportionally influence the models of
pre-retrofit encrgy use and so were excluded from the data
used to develop the pre-retrofit modcls.

Model Development and Selection

The mean valves of all-day, weekday, and weekend pre-
retrofit air handler electricily use are collated in Table 1. The
combincd CV-SD of the weekday and weekend maodcl is the
weighicd average of the weekday and weckend CV-SD and is
calculated as:

n (CV)y +1.. (CV)..

gAY T T e i T EE
(CV) combined = (30)
nytn.
n AHU SD CV-SD | Comhincd
(xkWH/day) (kWhiday) (%) CV-SD (%)

All-day | 177 2160 157 7.2 1.2
Weekday | 127 2250 62.7 2.8 3.0
Weekend | S0 1933 66.1 3.4 J

Table 1. Decision table for air handler electricity use.

.

A t-test was administered (o determine if scparale weekday
and weekend models werc appropriate. From the valucs in
Table 1 and Equations 4, 5, and 6:

sd, = 513
1, =310
df =175

From a t-table (Neter et al. 1989, pg. 630), the probability of t

being greater than £, Was much less than 0.05, indicating that
separale weekend and weekday models are appropriate.
Because the combined CV-SD of the weckday and weekend
models is less than the CV-SD of the all-day model, the
weckday and weekend models were sclecled as the best
models of pre-retrofit air handler elcctricity usc.

Four possible models of steam use are coliated in Table 2.
The first two models are all-day models and the last two arc
weekday/weekend models of sicam usc. Models #1 and #3
are two-paramelcr (simple linear) models and Modcls #2 and
#4 arc four-parameler (change-point) modcls.

Model| n | oy | a2 | @3 | ®4 RMSE | Cv- | Com-
Type RMSE | bincd
Cv-
RMSE

AD-1 | 179 | 67.6 -.820 2.64 14.8 14.8

AD-2 | 179 | 10.6 L9907 | -300 | 66.7 2.12 11.9 11.9
WD-3 | 130 | 69.8 | -.849 2.51 13.9 14.3
wD-3 | 49 | 60.5 | -715 : 2.62 154

WD | 130|110} -1.01 .379 | 6651 2.0 11.7 11.5
WD-4149 6.67 | -877 | 244 71.7 | 18§ 10.8

Table 2. Model coefficients and inferential statistics for four
possible pre-retrofit steam use models.
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: A . ., Determining Savings

Model #4 is rejected becavss (he high-temperature slope of Air handler electricity vse savings were determined USing
the weekend model (ex3) is positive, which is inconsistent with * {he mean weckday and weekend models in Table 1 and

our understanding of how sieam use should vary with Equations 16 and 17. No data were missing from the post-
iémperature. 1n this case, the particular sample of data retrofit period and §0 3 post-retrofil model is unnecessary.
available included a small number of data points that Fable 4 shows a lotal savings of 274,384 KWh resulting from
increased with lemperature at the upper end of the temperature the VAV retrofit for the period from May 5. 1991 t0

scale. Tnalarger sample, it is Jikely that &3 would be December 31, 1991

pegative.

‘An F-test was then administered 1o determine if the separaie
weekday and weekend models of Model #3 were appropriatc.
Table 3 shows the input parameters necessary for Equation 13
and the results of the F-test. The probability {hat Ho is true is
found using a table of the E-distribution fram Neter et al.

1989, pgs. 634-637. Since the probability of the null Table 4. Air handler electricity savings from May 51991 1o
hypothesis (that the weekday and weckend models arc December 31, 1991

identical) being truc is less than 0.0S. the null hypmhcsis is

rejected. We conclude that scparaie models of weekday and Model #2 from Table 2 is used L0 predict sicam gnergy use
weekend sleam usc arc appropriate. (Figure 5). Since no posl-rctroﬁl data were missing, 2 post-

retrofit model was ynnecessary. The {otal savings arc tahulated
in Table 5 and arc represented graphically in Figure 6.

m_m s
Table 3. F-test of steam use Model #3 10 detenmine the Table 5. Steam savings for the period from May 5, 1991 to
appropriatencss of using separate weekday and weekend December 31, 1991.

models.

The weckday and weekend CV-RMSEs of Modcl #3 were
combincd using Equation 30 to produce a weighted average
CV-RMSE of 14.3 %. The CV-RMSEs of Models #1, #2, and
#3 were then comparcd to select (he best pre-retrofit model.
Modcl #2 (Figurc §) was selected since it has the Jowest CV-
RMSE.

Ll »w e bl Ll
Averoge Doly Temperolure (F)

Figure 6. Pre-retrofit model of steam use and uncertainty
bands shown with post-retrofit steaimn energy use. The vertical
distance between the pre-retrofit modcl and a posl-rctroﬁl
data point represents the amount of steam cnergy saved on a
particular day.

" L "

» "
Averoge Doy Temperolure (F)

Figure 5. Four parameter pre-retrofit model of steam energy
use and uncertainty bands shown with pre-retrofit sieain
energy use. R2=.95 and CV-RMSE =11.9 %.
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Calculating the Uncertainty of Savings

Equation 25 was used 1o calculate the total error associated ’

with weekday and weekend air handler electricity savings.
Equation28 was used 1o combine the weekday and weekend
uncertaintics to find the total uncertainty associated with the
savings. Equation 29 was used 1o find the relative uncertainty
of savings. The input paramelers for Equation 25 and
resulting uncertainty of the clectricily savings ar¢ listed in

Table 6.
Input Paramelers and Weekday | Weekend Tolal 1
Resulis
n 127 50 177
m 170 68 23R
a 0.05 0.05
{(1-e/2n-1) 1.979 2011
L] — 494.898 214,291
S(E,~E)
d=
m i 19,794 7572
Y. ()
d=1
Uncertainty of Savings 201 178 268
Tolal Savings 211,142 63,242 274,384
Relative Uncertainty 0.000952 (0281 0.000978

Table 6. Input parameters for Equations 25, 28, and 29 and
the resulting uncertainty of the air handler eleciricity savings.

Input Paruncters and Low High Total
Results Temperature | Temperatore
Region Region
n 128 63 191
m 57 172 229
o 0.05 0.05
1(1-a/2,n-2) 1.979 2.0
MSE 6.36 2.78
L = 9,977 10,894
>, -T)
del
- —, 3,482 78,172
(T, -T)
d=1
m N 42.54 46.31
z (Ens)
d=1
Uncenainty of Savings 38.8 45.5 59.8 |
Tota) Savings 464) 175 G35
Relative Uncertainty 0.0845 0.260 0.0942

Tuble 7. Input parameters for Equations 23, 26, 27 and 28

and the resulling uncerfanty of the steam savings.

Equations 23 and 26 were used Lo calculate the uncertainty
of sicam savings in cach of the Jow-temperature and high-
tcmperature regions of {he four-parameler sicam usc model.

The input values necessary for Equation 26 and the resulling |
uncertainty of the savings are listed in Table 7. Equation 27
was used 1o combine the unceriainties from the Jow-
temperature and high-temperature regions 10 find the total
uncertainty assaciated with sicam savings. Equation 29 was
used lo find the relative uncertainty of savings.

As was noled carlicr, this statistical determination of
uncertainty does not account for the possible presence of
systematic error. Boecker et al. 1992 have identificd a
systematic bias in the readings of some flow melers used by
the Texas LoanSTAR program. Because similar flow melers
were used o determine the steam usc in this cxample, a
systematic bias may be present in the sicam use data. Thus,
this determination of the uncertainty associaled with stcam
savings probably under-cstimates the true uncertainty of the
savings.

SUMMARY

This paper describes 2 statistical methodology (o select
pre-retrofit models of energy use, determine savings, and
assign a measure of uncertainty to those savings. The use of
one, two, and four-parameler models of energy useis %
described. The usc of a t-test and a F-test to reject
unnecessary weekday and weekend models and a decision
criteria for sclecting the best pre-retrofit model is described.
The assignment of uncertainty (o savings calculated using onc,
two, and four-parameter models is described. The procedure
was demonstrated by developing and selecting pre-retrofit
models of clectricity and steam use, calculaling savings, and
assigning an uncertainty 10 those savings for a building
participaling in the Texas LoanSTAR program.

Future work will focus on refining the process of
determining pre-retrofit and post-retrofit models. The cffecls
of auto-correlated model residuals on model cocfficients and
uncertainty statistics will be specifically addressed. The
physical interpretation of the functional forms of models is
also under study. At present, several scparale data processing
and statistical tools are used (o prepare the data and develop
the pre-retrofit models. An intcgraled compuler program
which would automatically select the "best” pre-retrofit model
is currently being developed. This integrated model
development (ool promises to reduce the time now required Lo
develop energy use models,

The current procedures used (0 determine savings at
LoanSTAR siles will also undergo revision. At present, a
separate computer program is used to calculate savings al coch
site. In the future, a single program will be used to determine
(he savings at all LoanSTAR sitcs. The usc of this "master”
savings calculation program will reduce the time required for
program mainienance and should improve the reliability of the
resulls.
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