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Chapter 4

End-Use Load Shape
Data Application,
Estimation, and Collection

Joseph H. Eto and Hashem Akbari, Lawrence Berkeley Laboraiory
Robert G. Pratt, Pacific Northwest Laboratory
Steven D. Braithwait, Electric Power Research Institute

s electric utilities increasingly adopt least-cost integrated
A resource planning processes, their information needs about

demand-side management (DSM) options expand consider-
ably. Many DSM alternatives offer the potential to meet a significant
share of consumers’ demands for energy services by means of
increased energy efficiency (Krause and Eto 1988). However, com-
prehensive information on the cost and performance of these alter-
natives has been slow to develop. Current utility supply-side
planning methods involve detailed assessments of alternative
resource plans that take explicit account of the time-varying nature
of customers’ demands for electricity. In order for demand-side
options to be treated comparably to generation resources, planners
need reliabie information on the impact of these options on system
loads.

Yet information on the end-use components of aggregate elec-
tricity loads and how these components ean be modified is not
widely available, especially information for the time intervals used
to evaluate generation options. A recent assessment of least-cost
planning (LCP) concludes that uncertainty abaut the performance of
DSM activities, including their impact on load shapes, is a major
barrier to inereased utility reliance on DSM far meeting customers’
demands for electricity services {Goldman, Hirst, and Krause 1989},
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The goal of this chapter is to assess progress in reducing t'hlstun(;iré
tainty. The chapter reviews leading efforts to cc_)llect, estimate,
apply end-use load shape data for utility planning purposgs. com
This chapter addresses utilities’ need for load shape data I m
residential and commercial buildings (altholugh otgetrhg;n;;;:‘)suwe
ildi nity, also need the .
as the building energy research commu se data). e
iew i ial- - end-use load shape data bec
do not review industrial-sector en ‘ ause
: efforts to develop these data-—which are as important cfilsl r.estc:]?lr
Pl tial and commercial end-use load shape data-—are still 1n
: ' nC : " -q b . .
nfa Tﬁe first section of the chapter reviews utlh.ty apphcatlonfs of
L end-use load shape data; the next two sectior'ls review cur‘rent ef (:;‘trs
i to obtain end-use load shape data by estimation annty dttr?g Ir]r;;or_
‘ i i Y hese three topics begins with a br
ing. Our discussion of t e e
gl i i f the state of the art. We also sp
! ical summary and a review 0 Iso speculate
i isi research. These speculations fo
i on promising future arcas of _ e 5p :
] | basli)s for a final section, which describes our vision of the next g::d
i eration of end-use load shape data applications, estimation,

N collection.

|
1 Utility Applications of End-Use Load Shape Data

End-use load shape data play a crucial role in several aspecis o‘f
M utility planning, including demand-side technology c()lr p?gizggféé
i y casting, and supply- and demand-side 1es ‘
ll% fr(;:én ?:t(;g}lIOTat(lieinnr:reasedgimportance of these plannmg functlons is
!i the %rincipal reason for current utility interest in acquinng end-use
\
o d shape data. ‘ o
| ot At tll)w same time, these applications require different types of
| end-use load shape data. To forecast system load shapes for C'flpat()l(;
‘ ity planning, average load shapes by customer or rate cllass mdgrkl
ll sufficient; needed information may include seasonal or weekly
|
i
1

Auctuations and the hourly pattern of load shapes'. over ad2£t’-ehlc;ui
period. For assessing a list of potential DSM.opnons ormg negd
H ing a comprehensive integrated resource plan, plafnnersedﬁz need
! additional load shapes for major end uses a.nd even’ 021 spf cific teeh-
| nologies within those end uses. The precision reguired o lis info)
| mation will also depend on whether the ana_l;_/s'w is a preiu 3{
| ' final review prior to resource acquisition. Finally, a com
O onsiv. I g f a demand-side
i prehensive analysis of the nlleasur.ed pell;l;?z?tai\gfzfm e o
r program will require subste ¢
| l iizgzoézgfogd zhagpe in order to assign causal linkages between
I demand-side intervention and its measured consequences.
1
!
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In this section, we review these three types of applications in
order to better understand the motivation for efforts to estimate and

collect end-use Joad shape data, efforts described in the following
sections.

Demand-Side Management Applications of
End-Use Load Shape Data

Some of the earliest applications of end-use load shape data can be
found in early evaluations of DSM programs designed to modify
utility load shapes. Examples include old reports by the Associa-
tion of Edison Illuminating Companies’ (AEIC) Load Research
Committee examining the load shape impacts of marketing specific
end uses, such as electric water-heating and air-conditioning (AEIC
1974). Applications also appear in research sponsored by the U.S.
Department of Energy (DOE) and Electric Power Research Insti-
tute (EPRI) on the impacts of time-of-day electricity tariffs on var-
ious customer classes (Caves, Christensen, and Herriges 1984) and
in DOE and EPRI evaluations of the aggregate impacts of utility
direct ioad control programs.

More recently, it has become evident that planners must be
aware of the impacts on load shape of all demand-side technolo-
gies and programs, not just those that address utility peak demands.
For example, the Hood River Conservation Project, a landmark
demonstration of the blitz approach for deploying residential DSM,
aimed primarily at saving energy but also had measurable load
shape impacts. The project involved the wholesale retrofitting of
an entire community in Oregon. The retrofits stressed improvements
to the thermal integrity of the homes. As part of the project, the
electrical demands of 320 homes were separately monitored. The
monitoring permitied researchers to quantify peak demand savings
of more than 0.5 kW/household overall and more than 0.8
kW/household for electrically heated homes (Stovall 1989). More
importantly, these peak demand savings, when combined with over-
all energy savings, indicated that household load factors had declined
{a load factor is defined as the average demand divided by the peak
demand). This observation led to the suggestions that further
improvements could be made by downsizing home heating equip-
ment in response to the reduced thermal loads.

Similarly, evaluation, as well as monitoring of demand-side
technologies or programs, has been substantially refined by the
availability of end-use data. For example, in evaluating the net
impact of utility direct load control (DLC) programs, it is well
known that the normal cycling behavior of controlled appliances
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may or may not be affected by a utility’s program: that is, absent the
program, significant cycling may already be the pattern of normal
operation. Thus, the DLC program’s impact on aggregate load shape
is a function of how much the program has modified the distribution
of appliance cycling times for a population of users. Evaluating
these distributions requires large samples and data collection on
days when the program is operating and on days when it is not. See
Braithwait 1989 for a recent evaluation of a DLC program that takes
explicit account of these distributions.

We expect that applications of end-use load shape data for
DSM evaluation will assume increased importance as demand-side
planning becomes more integrated into utility planning processes. In
particular, the use of competitive resource acquisition mechanisms
(such as demand-side bidding) to solicit demand-side resources
from third partics will incrcase the need for explicit measurement of
demand-side program savings. End-use load shape data should play
a prominent role in thesc evaluations.

Forecasting Applications of End-Use Load Shape Data

Forecasting utility system load shapes through the summation of
end-use load shapes is the logical consequence of utility adoption of
the end-use framework for forecasting annual energy use. One of
the earliest examples of this linkage is the system of forecasting
models developed by the California Energy Commission (CEC). In
response to a statutory charge to preparc forecasts of future energy
use that explicitly capture the effects of California’s building and
appliance standards, CEC developed the first generation of end-use
forecasting models for application to distinct utility service terri-
tories. The modeling system, which continues to be refined by the
CEC, included an end-use peak demand model to forecast hourly
system loads for separate end uses during a utility peak day {Jaske
1980). The model operates as a post-proccssor to forecasts of annual
end-use electricity demands predicted by a separate model. The
explicit linkage between the annual energy demand forecast and
the system peak-day load shape ensures an important consistency
between the forecasts for annual energy and peak demand that is
often lacking when the two quantities are forecast separately.

The commercially available counterpart to the CEC’s peak
demand model is the Hourty Electric Load Model (HELM). HELM
is a flexible load shape forecasting modecl that takes user-entered
forecasts of annual energy salcs at a user-selected level of disag-
gregation (for example, total system, customer class, end use) and
monthly, daily, and hourly allocation factors, again at optional levels
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of detail (typical days, 8,760 hours), and produces a system load
shape forecast (ICF 1985). Most utilitics currently use .HELM at
the qqstomer class level, although some utilities model weather-
sensitive uses separately. Indeed, much utiiity interest in end-use
Loe:i 153hape data is for mgnthly and annual aggregations of these
S;lac[;c‘or energy forecasting or other purposes unrelated to load
For the future, we expect forecasting applications for end-use
load shape data to increase. For example, some analysts be,lievelit
may soon be possible to produce annual energy forecast% by aggre-
gating hourly end-use load shape forecasts (Eto Blumqtcing%nd
Jaske 1988). Forecasting energy use on an annual ’basis ls larg,ei a
matter of convenience. Many important energy use decisions (iu{:h
as the usage, as opposed to the purchase, of an energy-using giufable
good} take plr:!ce at a much finer level of temporal disaggregation
These foregastmg efforts will only proceed, however, after signiﬁcani
advances in our understanding of the causal factors influencin
energy use over shorter time intervals. ¢

Integrated Resource Plannin icati
g Applicatio
End-Use Load Shape Data o ot

A distinguishing feature of early applications of load shape data is
that th_ey were not fully integrated into the process of utility resourcé
planning. Despite producing forecasts of hourly system loads for
the peak day, for example, the CEC model passed a forccast of onl

total annua} encrgy and peak demand to the resource integrqtior);
planners. Similarly, for most evaluations of demand-side resot;l'ces
the load shape impacts of specific demand-side resources are man:
:;a;ly'subtrac.ted froml aggregate system load shapes, a practice that
pro)érlagl:]lste interactive effects among end uses and other DSM
~ An emerging application of end-use load shape data is better
integration of demand-side resources into the utility planning pro-
CcesS. Fr_om a purely mechanical standpoint, these improvemerﬁspare
gxemphﬁed by the reeent availability of demand-side screening and
1ntegratcd.1'esource planning models, which facilitate the analyfiq of
demand-side resources. From a more theoretical standpbint elnd—
use lpad shape_ data are beginning to play an extremely impé)rtant
ro‘le in extenc_hng demand-side planning into the realms of trans-
mission and distribution (T&D) system planning and fuel-switching.

Demand-Side Screening Analysis

Detailed analysis of all available demand-side resources is inefficient
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because initially only a handful of demand-side options will be
appropriate for serious consideration. Reducing the long list of
available resources is called screening analysis. At this initial stage
of the planning process, shortcuts are taken to facilitate rapid anal-
ysis of a large number of options. For example, rates of implemen-
tation and marginal costs of programs may be fixed regardless of
the size of the demand-side intervention. At the same time, due to
their importance for utility planning, the load shape characteristics
of demand-side resources and time-differentiated marginal costs of
electricity generation will often be retained for this stage of analy-
sis. Models that support screening analyses using end-use load shape
data include COMPASS (SRC 1989) and DSManager (EPS 1989).

Integrated Resource Planning Models

With a manageable list of demand-side resources identified for fur-
ther analysis, the need to consider these resources on an equal foot-
ing with those on the supply side has led to a whole new class of
planning models. These models, called integrated resource plan-
ning models, combine historically distinet modeling capabilities,
such as load forecasting and production costing, into a single piece
of software. While extensive calibration and coordination of data
transfer with the more detailed stand-alone models for each modeling
task are required, the ability of these new models to carry out an
integrated analysis rapidly makes them extremely attractive for
strategic planning. Well-known integrated planning models that
feature end-use load shape data handling capabilities include
UPLAN (Lotus Consulting Group 1986), MIDAS (Farber, Brusger,
and Gerber 1988), and LMSTM (Decision Focus 1982). (See also
Eto 1990 for an overview of issues associated with the use of
demand-side screening and integrated resource planning models.)

Published examples of the application of end-use load shape
data with an integrated resource planning model are rare, although
many such studies exist as proprietary consultant reports or as parts
of utility regulatory filings. A recent exception is Comnes et al.
1988, which used the LMSTM model to evaluate the cost-
effectiveness of utility incentives to stimulate adoption of cooling
thermal energy storage technologies for buildings.

T&D System Planning

Most integrated resource planning efforts by utilities consider
demand-side options only as means to modify decisions on whether
and how to expand generating capacity. The availability of end-use
load shape data and geographically differentiated utility substation
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metering has led to the possibility of also deploying demand-side
programs to avoid T&D investments. A recent study examined util-
ity '_F&D planning and concluded that significant savings could be
rcal‘lzed by targeting DSM to specific geographic locales where the
avoided cost of T&D was high due to the imminent need to upgrade
the capacity of substation distribution transformers (Rosenblum
and Eto 1986).

Fuel-Switching

Similarly, an integrated resource planning process should also (but
typically does not} consider fuel-switching as a means for meeting
customer’s demands for energy services. End-use load shape profiles
of both electric and gas energy-using equipment can play impor-
tant roles in these evaluations. At this time, we are aware of only one
study that has begun to compare these profiles, focusing on resi-
dential appliances (Quantum Consulting [989).

The Need for End-Use Load Shape Data

It is probably safe to say that the sophistication of utility applicaticns
for end-use load shape data {in particular, currently available soft-
ware models) exceeds the quality and quantity of currently available
data. We see no sign that this trend will end soon. Acquiring end-use
load shape data, however, is an expensive undertaking with large
differences in cost between end-use load metering and load shape
data estimation. Therefore, the relevant economic question to which
we now turn is, given the value of end-use load shape data for util-
1}tly peranning, what is the most cost-effective means for obtaining
them?

Estimating End-Use Load Shapes

Prior to the recent wave of end-use metering projects, the only

. means for obtaining load shape data unique to local conditions was

e§timation. Estimation methods have historically relied on exten-
sive and largely unverifiable engineering judgment. Indeed, con-
cern over the reliability of these judgments has been a major impetus
for the end-use metering efforts described tater. However, increased
collection of supplementary data, such as customer mail surveys
and load research data, has led to a whole new generation of esti-
mation methods. Moreover, the availability of end-use metered data
provides, for the first time, the potential for validating the estimation
methods. When validated, these methods offer the promise of pro-
ducing end-use load shape data at a fraction of the cost of metering.
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Historical Development of Estimation Methods

Traditional approaches to load shape estimation typically have used
engineering simulations. The basic approach was to use available
supplementary data, such as results of mail surveys, on a subset of
the building population (single family dwellings, large offices, and
so on). Engineering judgment was applied to these data to creale a
prototypical building whose energy-use patterns werc considered
representative of the subset of buildings being studied. An hourly
building energy simulation program then produced the end-use load
shapes.

The basic issue for this method, as for all estimation methods, is
calibration. For the earliest efforts, calibration was only possible at
an extremely high level of end-use and temporal aggregation (usually
monthly total energy bills). Even then, because lighting and equip-
ment loads were used only as inputs to the thermal simulations, cal-
ibrations typically estimated only the relative magnitudes, not the
shapes, of these loads. In the abscnce of more detailed data, inde-
pendent judgment as to the accuracy of simulated hourly load shapes
has been largely a matter of faith. Indeed, many early load shapes
developed by the above method exhibit the characteristic square
shape that arises from the simulation of prototypes. (See, for exam-
ple, Akbari et al. 1990 for a review of some of these studies.)

State-of-the-Art Estimation Methods

The passage of the Public Utilities Regulatory Policy Act of 1978
(PURPA) provided an unanticipated benefit for end-use load shape
estimation. PURPA directed utilities to carry out detailed cost-of-
service studies, based on hourly measurement of customer loads,
for the purpose of reforming rate design. As a result, hourly whole-
building load shape data have become widely available. The benefit
for end-use load shape estimation lies in the fact that these data
provide a control for reconciling estimates of hourly or even shorter-
interval load shapes. Unfortunately, until recently little oy no infor-
mation on customer characteristics was collected along with the
load research data. A number of utilities, secing the value of load
research data for other than cost-of-service applications, have begun
to collect characteristics data and in some cases to expand the sam-
ples to represent market segments in addition to rate classes.
Researchers have used at least six distinct methods of esti-
mating end-usc load shape in order to utilize these data. The meth-
ods are (1) one-dimension application of the Stephan-Deming
Algorithm, (2) the variance allocation approach, (3) the End-Use
Disaggregation Algorithm, (4) the conditional demand approach,
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(S)Ithe bi-leye[ regression approach, and (6) the Statisticall
Ac_ljusted Engineering (SAE) approach. For purposes of expositiony
it is useful to separate the methods that are primarily determinis:
tic fl'Ofll those that are primarily statistical (although, as we shall
see, this dlstincFi011 breaks down for several of the me;thods)

The deterministic methods, which include methods 1 thro{Jgh 3
rf;ly on exact reconciliation to an hourly control total, which is ro—’
vided by t.he whole-building load research data. Of tile three mEth-
olds of \yhlch we are aware, reconciliation starts with an engineerin
mmplatlon of the sort relied upon by the earliest load shape esti’ci
mation mqthods. The later methods, however, typically rely on much
more dlet_alled information to develop the simulation input (thereb
minimizing the extensive reliance on engineering judgment thfl);
chal‘acterlzeq many early efforts). More importantly, they start wit(h
the assumption that an engineering simulation will not equal the
measured, whole-building load shape. Each method differs in the
manner by \yh.i(.:h the difference between the observed total and the
zﬂrc?u(;t‘;gle initial, simulated estimates is allocated to constituent

_ Th.e most straightforward allocation method, called the one-
dlmensmn_al application of the Stephan-Deming Algorithm, is sim-
ple proration of the difference between the observed total1arl1d the
sum of thc; simulated end uses based on the relative magnitudes of
end uses in the original simulated estimates (SRC 1988). If, for
exgmple, thcre are only two end uses and one is silnulate;d t::) be
twice the size of the other, two-thirds of the difference between the
snnulat(?d total and the control total is allocated to the larger end
use. This approach has been used to estimate commercial sector
end-use lqad shapes for the Southern California Edison Compan
More ﬂgxnblc versions of this simple allocation have been irE Ig—'
mented in the RELOAD software discussed in the next sectionp
. Another allocation rule, called the variance allocation approzich
involves prorating the difference between the simulated and con:
trol totals based on the observed statistical variation in the simu-
lat_ed end-use loads (Schon and Rodgers 1990). The rationale for
th}s approach is that highly variable loads are more likely than rel-
atl\.fely stal?]e loads to diverge from simulation-based estimates of
tl_lelr ‘magmtudes. (Of course, the magnitude of the observed vahria-
tion is also related to the magnitude of the initial load.) This
approagh has been applied to a study of commercial build‘in § il;
the Florida Power and Light Company service territory. ¢

A_ﬁnal deterministic reconciliation method, called the End-
Use Disaggregation Algorithm, trcats weather-sensitive end uses
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(cooling and heating) separatcly from other end uses (Akbari et al.
1988). An exact estimate of the weather-sensitive end use is first
derived from a regression of the control totals provided by the
whole-building load research data on temperature for each hour of
the day. (An intercept for the weather-sensitive end use estimated
from an analysis of the simulated end-use data is also included to
account for non-weather-sensitive cooling or heating.) The alloca-
tion of any remaining differences between the simulated and control
total takes place only after the weather-sensitive end use has been
subtracted from the control total. The allocation is based on the
magnitude of the initial simulated loads (as is done in the Stephan-
Deming method), subject to continuity constraints placed on adjacent
hours to reduce fluctuations from hour to hour. The motivation for
this approach is the assumption that the correlation of measured
whole-building loads to observed weather is superior to simula-
tions for estimating weather-sensitive end-use load shapes. The
approach has been used to develop end-use energy utilization inten-
sities (EUIs) and load shapes for commercial buildings in the South-
ern California Edison service territory (Akbari et al. 1989).

Statistical methods, which include methods 4 through 6, represent
another major approach for utilizing whole-building load shape data
in developing load shapes. As with the deterministic methods, the
principal aim is to reconcile selected explanatory variables with some
control total. For the deterministic methods, the explanatory vari-
ables are taken from an engineering simulation so as to provide a
physical basis for the reconciliation (that is, we are adjusting esti-
mates of end-use loads to match an observed or estimated control
total), and the reconciliation to the control total is exact. The statistical
methods typically rely on regression techniques that correlate explana-
tory variables with the hourly control total. These variables need not
all be physical, and the reconciliation to the control total is an approx-
imate one usually expressed as a goodness of fit.

The earliest application of the statistical method to end-use
load shape estimation—called the conditional demand approach—
was a direct extension of the conditional demand techniques used 1o
estimate annual energy utilization intensities, which express end-
use energy use per unit of floor area, or unit energy consumption
(UEC), which expresses energy use pet appliance. The conditional
demand approach is essentially a correlation analysis of the energy
use of many separate premises, such as homes or offices, against
the portfolio of energy-using equipment in each of these premises.
The analysis seeks to determine the difference in observed load due
to the presence of a given energy-using device, all other things
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Eﬁltli](;gnhgflctiheqclllal._ Thi;hdifference is taken to be the energy contri-
he device. The technique was first appli
monthly bll_lmg data (Parti and Parti 1980). \z?tlllle?hteoaifnarﬁl;;i?ﬁd
of \l:fhole—bglldlng load shape data, the extension of the technique tg
a}?‘ ourly time-step was an obvious one. Published applications of
this approach include Hill 1982; Parti and Sebald 1984; and Ai
Sorooshian, and Kerwin 1983, ’ e
o (E’;lnrebly cc?tl'_rqlat(iiofrlal methods for end-use load shape estima-
e criticized for ignoring (or making little explici
known _determmantsl of energy use (such as thge inﬁuer):gcltlglft\zzitﬁiz
Fn hpatmg and _coolm_g loads). Recently, two very different methods
or incorporating this knowledge within a statistical framework
hav_e beqn developed. In effect, these methods are hybrids of tlrl
engineering approaches that underlie the deterministic method ::l
the prevm}lsly described statistical correlations. s
_ The first method, called the bi-level regression approach
involves two levels of time-series and cross-section regresspi'gn a l,
yses ('1986). In the first level, the hourly load of individual hm?sae—
hplds is regrqssed both against weather-related variables and again (
sine and cosine functions, which capture daily, weekl anc% N
sonal periodicity in loads that are independent,of weazl;er Instel?-
second le?vel_, Ehe coefficients estimated in the first level (se .arat 1e
for each individual household) are regressed as a gro ainst ous,
tomer characteristics, BrOp agatnst cu
" dThe se_co_nd. method, t.hf‘:: S_AE approach, is very close in spirit to
F.e etermm'lstlc_reconmllatlon methods (CSI/CAT/ADM 1985)
Irst, an engineering simulation is developed to provide an initiai
estimate qf end-use loads. (A more recent implementation of thi
gpproach incorporates metered end-use load shape data from a li N
ited sample of premises as the initial estimate for selected end uggls_
See Caves, W1pdle, and Kendall 1988.) Next, the initial estimates a ‘
regressed against Fhe control totals, which are averages of hourfe
f;;g;g)}(nus? for typlcal days. The estimated coefficients can then bz
th th% cc::;n?;agtl:im]]sn;[iactors t(lj]at reconcile the initial estimates
- In other words, correlational analysis i
:g pf(i:rform the allocation of differences statistically, Zvliir{csalsm?g
e lr)st thref; mcyhods, the allocation is performed deterministica\,lly
o eltermm.ls_tlc and statistical estimation methods both exhibii
( eg;:rab e qualities for end-use load shape development. Determin-
istic methqu rely on engineering simulations that prov.ide a direct
phy_smal' lmk_ between loads and their causes. The specificit Cf
engineering simulations also facilitates subsequent plannin amly o
of the likely effect of introducing demand-side technol(;ggic; XFS}?Z
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price of such specificity is the cost of obtaining the detailed infor-
mation required to develop an engineering simulation. Statistical
methods are valuable because, unlike engineering simulations, they
do account for behavioral dimensions. Physically identical struc-
tures will use energy differently because energy-use decisions are
made by individuals, not buildings. To the extent that the explana-
tory variables are independent, exhibit variation across the sample,
and, most importantly, are statistically significant, statistical tech-
niques can capture these behavioral influences implicitly. However,
because the physical underpinnings of energy use are suppressed, the
resulting models of encrgy use may not be equally amenable to
what-if types of analysis. Of course, from the more limited stand-
point of end-use load shape data development, the issue is the accu-
racy of these methods and their costs relative to alternative methods

of obtaining these data.

‘Validating End-Use Load Shape Data Estimates

with Measured Data

The availability of end-use metered data provides, for the first time,
the opportunity to validate end-use load shape estimation methods.
However, efforts to use these data for this important task remain
in their infancy; we are aware of only two studies, both examining
only residential end uses, that have used end-use load shape data
to validate estimates.

The first study focused not on end-use load shapes, per se, but
on the integrated sum of the hourly values fo an annual energy use
total by end use (Pratt et al. 1990). In this study, metered residential
end-use data from several metering projects were compared to esti-
mates of these end uses developed by conditional demand and engi-
neering studies. The conditional demand estimates were found to
be in good agreement (a statistical difference of 10% at the level
of annual energy use totals) with the metering studies for refriger-
ators, freezers, dryers, ranges, and central air-conditioning. Poor
agreement was found for dishwashers (the conditional demand esti-
mate was too high), hot water (too low), and space heating (too
high, although the comparison is suspected to have been influenced
by the weather normalization method applied to the various study
results). The engineering estimates were found to be in good agree-
ment with the metering studies for water heating, refrigeration, and
clothes washing (clothes washing was not examined by the condi-
tional demand studies), but were in poor agreement for space heating
(too high), central air-conditioning (too high), ranges (too high},
and dishwashers (too high).
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L At;eccérf study evalugted the accuracy of estimated load shapes
abo\i (SSI/Ci?/%dS;hleglég)level regression approaches described
. The validation was per i
) . performed usin
]r36151(itept1a1 end-use metered data gathered by the Pacific Gas ang
[h;:cslz%cq(:)r;lfanyhandban engineering simulation for cach load. For
approach, substantial improvement over th inceri
: | e engineerin
:Egd estimates was ob.sgrved for the weather-sensitive endguscs. Fogr
the non-weather-sensitive end uses, the SAE approach appeared to
$érac;ﬂuce €ITOTS (0 the engineering load estimates. Finally, the SAE
er-sensifive end-use loads were more : :
‘ ¢ accurate for average
;lnagsbt tal::a(\:lzl f(:r Il)ea(l; days. For the bi-level regression approach tﬁe
rate loads were estimated for central air itioning
irz : air-conditioning and
clothes.dlymg, while the least accurate loads were those estin%ated
for refrigerators and water heaters.
e Thelse (\{ahdatlon studies suggest that, at this time, statistical
t d-use joa shape estimation methods may be well suited for cap-
t;Jlung sl;:l‘ledu'led, non—wcath_er—sensitivc end uses. More importantly
focr:y Eu stantiate the potential reliability of the estimation methodsz
metgr'tammﬁJ end-use loaq shape data at costs far less than end-use
mel mgI g e lack of.valldatlon studies for the deterministic meth-
o ‘pllle%u es conclusions at-this time. Additional validation efforts
(c: a l ]T methods over a wder range of locations, building type.;:.
{ .fpecm y in the commercial sector), and end uses will be required
u:eolrc tcllle metl?‘ods can be regarded as complete substitutes for end-
oad metering. However, as we shall describe, it is not clear

that future load shape data dev
: elopment eff ; :
with such an either/or decision. ° etforts should be faced

End-Use Load Shape Data Collection

lTOl?f(:i ml:)st lr}tu‘ltivel)( appealing approach for developing end-use
! ads‘_ape miormatlop is to collect the data directly by metering
Sll]i)ufg“sdteng use;is. Given the high cost of end-use metering (which
, but often does not, include the necessary cos [ i
following the collection of i roeactioal to eaey
of data), it has been im ToF:
. . practical to carr
E?;O(iatlsti collctlactlonhfor more than a small sample of the populationy
'ts to reduce these cosis and to increase the :
explanatory powe
of data already collected are the focus of future work. Y PORE

Early Collection Efforts

Tlhe ca}rliest efforts to collect end-use load shape data for utilit
BRam‘n.ng date bgck to publications in the 1960s by the Loa(){
esearch Committee of the AEIC. These studies of individual
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predominantly residential loads, such as electric water-heating and
air-conditioning, were performed in support of utility electricity
marketing efforts (AEIC 1974). In the late 1970s and early 1980s,
these studies were joined by a host of individual building meter-

ing studies that were typically parts of larger research studies on

the performance of conservation technologies. (A good summary

of many commercial sector projects can be found in Heidell, Maz-

zucchi, and Reilly 1984.)

The distinguishing feature of these early studies 1s that they

did not focus on the statistical generalizability of the results (which,
by definition, could not be generalized to larger populations in the
case of individual building studies). In large part due to the high
cost of direct metering but also due to the fact that incorporation
of the results into a utility planning process was never envisioned as
part of the research design, these studies are of secondary importance
for most utility planning purposes. Where some statistical sampling
procedures did enter into the research design, as was the case for
some of the AEIC studies, the age of these studies, some of which
are close to 30 years old, makes continued use problematic.

State-of-the-Art Collection Efforts

More recently, electric utilities, realizing the value of end-use load
shape data for planning purposes, have engaged in a number of end-
use load shape metering studies. What distinguishes these studies is
that the samples are often large, and, more importantly, use of the
results for utility planning is an explicit and major justification for
the projects.

We have identified 27 recent end-use metering projects in the
United States (see Table 4-1). The list of commercial sector projects
is felt to be reasonably complete and includes several projects just
getting under way; however, the list of residential projects may
reflect biases due to the authors’ location in the western part of the
United States. We are not aware of any industrial sector end-use
metering efforts involving sample sizes approaching those of the
projects in Table 4-1.

The first four columns of Table 4-1 describe the sponsor of the
project, the geographic area under study, the project name, and the
customer sectors. Note that several sponsors have more than one
project (or one project that covers multiple segments of the resi-
dential, multifamily, and commercial building sectors). Multiple
projects by a given sponsor are a testament (o the increased impor-
tance these sponsors place on the use of metered data for improving

planning assumptions and estimates.
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Table 4-1. Recent major end-use metering projects.
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Column five indicates the type of sample design used. Recall

| that the applications described in the first section provided two pri-

' mary motivations for the designs of metered samples: (1) charac-

! terization of the building population for planning and forecasting

i purposes and (2) evaluation of the impacts of specific demand-side
‘ ‘ technologies or programs. Statistically based sample designs are
i generally used to obtain data in support of planning and forecasting
e processes. These designs are based on customer billing or survey
‘ | data so that the metered buildings can be analyzed as representing a
‘ larger population. The use of metering to support evaluations of
| individual technologies or programs is typically based on a non-
\I random sample of participants in the program, although some retrofit
‘ | programs have relied on statistical sampling procedures. For new
i building programs, the samples are almost always a somewhat arbi-

} trary (statistically speaking) set of experimental buildings from a
: | pilot test of the programi. Some of these projects will also include a

1 parallel sct of newly constructed buildings representing current
I practice as controls for the experiment. Other sample types indi-
h cated in Table 4-1 include studies of buildings selected for specific
i reasons sueh as high consumption or prescnce of particular appli-
\ ances (termed Special) and studics that seck to capture geographical
‘ diversity within a region (termed Geographical). In general, these
H latter two sample types do not formally incorporate statistical sam-
il pling procedures.
li Columns six, seven, and eight indicate the scope of the projects
! as measured by the number of buildings, average number of end
‘ uses per building, and total number of end uses metered.
i Columns nine and ten indicate the monitoring protocol and
' primary method used for quality control by cach project. The pro-
i tocols used to define end uses are split into three groups: (1) those
. in which all defined end uses and a separate building total are
U metered (All EU), (2) those that meter at least the total and the
major end uses but obtain the remainder by subtraction (All EU-
Sub), and (3) those that meter only selected appliances or end uses
in each building (Select EU). Among other things, the protocols
determine the quality control procedures that may be applied. These
procedures include a continuous energy balance using the building
total as a sum-check, limit checks against monthly utility bills (if the
remainder end use is small relative to the total consumption), and
visual reasonableness and continuity checks when only selected
end uses are metered. _

Column cleven indicates the level of aggregation of the metered

data. The time resolution of the data is typically 5- or 15-minute
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;itglﬁfgilsﬂfor rﬁgions where peak loads are the central planning issue
y where annual energy is the pri cific
Northaech 2y ¢ primary concern (the Pacific

Finally, columns twelve an i indi i

the pl'oject§ and their current sta(zutsh;?}e(?cl)\:;c.hcate the duration of
. Metering end uses for a large number of buildings is expen-

sive. Costs depend on the level of detail called for by the Ihnc::asp g
ment prgtocol and on whether economies of scale can be realimcci
with a given sample size. Fully burdened costs for large, detailed Zf:ll
end-use protocol prqjects including sum-check quality,control ,rE:)-
;(i(;u(;g% ag;isa duration of two years are currently in the rangg of
resiéiential b-uﬁg?ngeff(l:lzn;gls?icslzi :D'Ltlilging e ally betmorn et
ider . . ; plit about equally betw instal-
La;?.;l; ;1]1([1] n?gmte.nance, with the installation C(c)lsts slbglit abcf)::tn clclllsetl?lly
bt Consi(;l(l:rz:‘l’[’)z]li:eeaf[}grl[al])‘or. Importantly, these costs do not include
rchive an anlyse the dz?ilred to develop software in order to
[isticT]h[esehC(')StS algo mean that despite the explicit reliance on sta-
al techniques in some of the sample designs, the final samples

are oftf_:n not very large for a given stratum, As a conse uehce pth

reso!ut}on of the analyzed data is often not very preci;:eqFor ex’ ;
Plc, IL 15 not uncommon to find that standard deviations a;:ross bue'llrg_
ings for a given end use are equal to or greater in magnitude than lthfz

ﬁgls)f(:)rt'sl;e;c;irsnt;?ntsﬁ Statistically speaking, this means that the null

€ measur i ;
rejected at the 95% conﬁd:l?cel:oli(\ire[i?mg cdual to zero cannot be

Lowering the Costs of End-Use
Load Shape Data Collection

Thfa desire for increased statistical precision in end-use load sh
estimates calls for research in three technical areas of end-use lggg
shape dat'c_l collection: sample size determination, project duration
and metering costs per end use. This need also justifies seekin lcss;
expensive means for obtaining end-use load shape data, such ES th
estlmatlon'techniques described in the previous sectim; and, as :
shall describe, the use of end-use load shape data collected I; e
ers (data transfer). eeted by oft
. We are not aware of specific studies examining the issue of
increased .data precision as a function of sample size. We note from
aq:hexperlencq, however, that mean end-use loads tend to stabilize
vith sample sizes of about 20. Nevertheless, even larger sample
sizes may be required to explain observed variances. For ex‘am qe
some researchers have observed that some causal relationsh?ps,
+
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such as the effect of number of occupants on water heating loads,
can be obscured by other sources of variance when the sample size
falls below 20 (Pratt et al. 1990). At the same time, other variance
reduction techniques are possible. Others have suggested that it is
possible to link small end-use metered samples with larger, whole-
building load research samples to increase sample sizes, thus reduc-
ing variance, and thereby make end-use load estimates from very
small samples representative of larger populations (Wright and
Richards 1989).

On the issue of reducing the duration and cost of metering
projects, there is evidence that the seasonal variation in nearly all
residential and many commercial end uses (+10% to 20% of the
mean) will preclude metering periods of less than a year from pro-
dueing accurate results for some end uses (Pratt et al. 1990; Tay-
lor and Pratt 1989). On the other hand, for some highly scheduled,
non-weather-dependent end uses, such as commercial lighting and
water heating, shorter duration metering periods may be warranted.
At the same time, it should be vecalled that the fixed costs of
installing metering equipment are roughly half the total costs of
metering (excluding analysis of the data) and that multiyear data
also allow for study of price elasticity, occupancy and behavioral
changes, retrofits and equipment changes, and persistence of savings
from demand-side measures, among other topics.

More recently, efforts have been made to reduce the direct
costs of metering end uses. One approach involves the use of
decomposition techniques that track total electricity consumption
at an extremely high level of time-resolution (about a thousandth
of a second) in order to capture the signature of individual pieces of
equipment turning on and off (Jones and Flagg 1989). Separate end-
use loads are automatically detecied by this decomposition, which
in effect reduces the number of metering points per building to one.
Another extremely promising approach involves the use of exist-

ing energy management systems as a direct source of equipment
operating profiles (Flora, LeConiac, and Akbari 1986). (We also
refer the reader to Harry Misuriello’s review in this book of the
state of the art in building energy performance monitoring.)

Using End-Use Load Shape Data Collected by Others

Perhaps the least expensive means for obtaining metered, end-use
load shape data lies not with optimized sampling designs and better
hardware, but with the transfer of results from existing metering
studies. Prior to the recent era of end-use metering, which began
around 1984, almost all utility applications of end-use load shape
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S?;Zl;e;tl;ecd on either secondary or estimated data. Attitudes were
atic: some metered data, from an y i
pragmatic: some me! , y source, was considered
_ ply because one did not ili
Judge these data independently. pave the ability to
mete?jlnagdg;g?:ct[o (the g]ﬁy literature of utility reports on individual
Jects (see the references for a selective listi
: ' k e listing of th
Zgzr\:salrmd?rilrymg tttlﬁ metering studies reported in Table 4g—I) WZ
¢ of few published end-use load sha ilatic
) shape data compilations.
2z§i?lgz)the_113opnewl¥e Power Authority (BPA) has prod?;ced twso
" compilations of end-use load sha i
. . pe data from its ELCAP
project, one for the residential and
! . one for the commercial bui
ings being metered (Pratt et al. 1989; T. 10809 1n
S | . ; lor and Pratt 19
addition, researchers have i al ntial enct s
, compiled and analyzed residenti
load shape data collected b i 2 atiliies i order o proo:
' y California utilities in order to i
: . | rovide
;ggﬁsogoerl t(lll:fu(djahforma Einergy Commission’s peak load f(l))recast—
erman et al. 1989). Finaily, there is a i
' . , relatively new
fgll;tlﬁgée‘g::ﬁkalg% REL(f)AD (SRC/LCA/BCD 1988), which 1ys dis-
a hibrary of end-use load shapes th ’ k
from a number of sour ' ing engl g shlation
ces, includi i i i
rtte et ng engineering simulation and
. n"fg[dez;)ir;léhe m‘cretasingly extensive geographic coverage of end-
projects suggests that an adequate imati
and cultural diversity ma i b T e setion
‘ y nearly exist to characterize the resi
tial sector for most of the Uni "l also soon
s nited States and that this wi
be achieved in the com i er The widewmeon
. mercial sector. However, the wi
availability of these data will hi ' o of twe imoonan
avatlab; inge on resolut i )
1nst1tut10_na1 and analytical issuesg. tom of two fmportant
o elcilj?[mt:llonal!lly’ 'there remains the need to establish mechanisms
ably sharing and promoting the use i ive
‘ of this expen
resource. An important issue is the ] iali briety of
confidentiality and t
data from donor utilities, C i 1 AN
. s. Currently an informal i irc i
being circulated to i Yof data to el
potential users and suppli f
define parameters for so nstitutional data sharing (BPs
m X
1500, e form of institutional data sharing (BPA
data rég]a;iynnsalldya subs(tjar}lzial issues regarding the transferability of
naddressed. These issues include climat izati
control for regional structural isti e oation.
characteristics, and control f
ior , or occl-
fpéirn;clharacter‘wncs. We presume that these factors are responsible
Along awrgtti]pant oflt)he observed variability of end-use load shapes
ith a number of as yet to be determined ’
Analysis to determine th infincnce of theee faome,
¢ nature of the influence of th ¢
on load shapes, leadin ' fer o
, g to methods to adjust and transf,
' . : er load
shapes, is straightforward conceptually but complex in practice
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shape development effort. It might consist of, first, metering tar-
geted at market segments o1 technologies for which little or no data
are available and, second, small end-use metering samples designed
to be leveraged with less expensive survey and whole-building load
data. For end-use data development efforts to reach this level of
maturity, a number of activities must take place. These involve
important synergisms, and would benefit greatly by proceeding
jointly. The following three general recommendations illustrate the
type of process that could take place over the next few years.

First, existing end-use metering projects should soon provide
adequate coverage of the most important building types, end uses,
and geographic regions. Efforts to more fully exploit these data
sources should be a high priority for future research. The primary
goal of these efforts should be to develop the analytical procedures
necessary to permit meaningful transfer of load shape data from
one utility service territory to another. The procedures must explic-
itly capture the causal relationships underlying observed load shapes
in order to control for differences in climate, building characteristics,
and occupant behavior between service territories. These analyti-
cal efforts should proceed in paraliel with institutional efforts to
facilitate data transfer in which issues of confidentiality and pro-
priety of data from donor utilities must be addressed.

Second, end-use load shape estimation methods should be able
to produce data of sufficient accuracy for utility planning purposes.
In particular, there is great promise in the use of hybrid estimation
methods, which combine the best aspects of simulations, statisti-
cal analyses, and measured data. Efforts to utilize recent end-use
metered data to validate estimation methods should be given the
highest priority for research. From the standpoint of improving the
estimation methods, a major challenge lies in determining the opti-
mal amount of non-load shape data collection needed to support
load shape estimation.

Third, it is likely that the realization of these two research
objectives, driven by increased utility applications for end-use load
shape, will still call for end-use load shape metering efforts. These
incremental efforts will be a healthy sign for load shape development
efforts if coordinated with load shape data transfer and improve-
ments in estimation methods.

The costs of developing load shape data for utility planning
can be significant, ranging in descending order from end-use meter-
ing to estimation to data transfer. Yet the benefits from improved
resource planning will easily outweigh these costs. The issue for
future end-use load shape development is not on¢ of whether, but of
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how. i i i
incorp\(ﬁe.:att;e:ﬁve tsoctlletly will be best served when these efforts
I potential sources of data includi i l
1es from other service territori imati sed o 0ty et
g ories, estimation based ili i
o _ ed on utility-specific
» and local end-use metering. The challenges for futureyregearch
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