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ABSTRACT

is paperapp I i as Thermodynamic Behavioral Integration (TB!) modeling
electricity consumption in the residential sector in Nevada Power area~

TBl uses conditional demand techniques to integrate thermodynamic ,and behavio­
ral models~ A crucial aspect of the integrated model is explicit incorpora­
t i on of feedbacks between the eng i near i ng and econom i c components 0 r
examp I consumer cho ice of thermostat setti n9 is affected by the pr i ce of
raising the interior temperature by a degree, whi in ; depends on
therma I ghtness of the house G Overa II pr ice and income e last i cit i es are
computed perverse price fect (conservation tends to make warmth cheaper
and efore tends to increase consumpt ion) is natura II y inc Iuded i n th i s

This technique has been appli modeling residential electric
consumption, commercial electric consumption, and industrial gas consumption
wi excel I resul
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Im INTRODUCTION

Th i s paper invest i gates the consumpt i on of e Iectr i city by res i dent i a I
customers in the Nevada Power Company(NPC) service terri (Las Vegas NV)e
Thermodynamic Behavioral Integration (TBl) , a modification the Conditional
Demand technique [5] is used to estimate hourly monthly end-use electri-
city demand equationse These equations are, in I used to estimate end-use
load shapes and annual energy consumptione I has been applied to modeling
residential electric consumption[1,2]; commercial electric ion[3], and
industrial gas consumption[4] with excel I resul

i nnovat ions i n cond i tiona I demand est i mat i on procedure were
in this Fi hourly monthly) i of space

on i ng app I i ance usage were based upon a ta i I ad mode lin wh i ell
onships were integrated wi an economic model in

dec i s i ansara based upon variables as
vari leSe purpose this procedure

our estimated model and to take into account
as ins ion whi have a direct effect on the

also an i i effect on consumption
ings) consumers~ Second; a
to assure logical consistency

rd, a procedure was
ing increase the

we discuss ical
eC~On()mErt;ri c goodness of fit i

i S e Fi na I Iy", we
Iy I

state

The
related
(LM) Q

data
a common

for is study was constructed from three separate, but
ta sets: 1) genera I residential (GR), 2)PURPA, and 3)L d Management
appliance and other household information for customers in these

is based upon a common survey instrumento The data sets also share
weather data base~ OR contains survey information}., monthly
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consumption over two years for approximately 2700 households0 PURPA and
LM are disjoint subsets of GR0 They th contain consumption figures
(1984) f he who Ie house 0 a Iso conta i ns i on through
selected ap iances as I ai iti electric water

pool pumpSe

Construction of the Estimation Data Set

A pooled data set practical size was made from subsets of PURPA and
LMs Also included was a s set of GR, (NONPLM); containi neither PURPA or
LM customers & In I, 12140 observations were used in t esti tion of the
regress i on coeff i c i ants, of i ch 1008 were month I a 11132 were Iy
observationSe Of the tal observations, 10918 were LM (10419 h Iy, 499
monthly), 745 were from PURPA (713 Iy; 32 Iy); were
NONPLM (all monthly) 0

f i na I da conta i ned 12066 sing I i Iy observat ions (11086
hourly, 80 monthly) a multi-family observations (46 hourly, 28 monthly)~

imaryobjective this study was to estimate appliance specific hourly
shapes; hence the dominance of hourly observations in estimation data
The scarcity multi-family observations in the hourly anal is is

to missi answers on surveys multi-family customers~

Although we
conditional mean
annual

Integrated Thermodynami

a
resi

set been
reasonable represen­
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1 gin wi di ion equation result in a differ-
temperature of the energy storage ev i cas and an

c equation r e backup consumption as a function the storage
and other variables [7] Ql These were converted a diffe-

rence equation in the hourly backup~
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BUCENTACt is the air conditioner consumption for hour t (Btu/hr);
CDHt are the cooling degree hours for hour t,
lGt is the internal heat gain from other appliances persons in the

hold for hour t (Btu/hr),
Z0LATENTt is the latent load for hour t;
SUNt represents the solar insolation for hour t (Btu/hr);
Ul and U2 are functions (Btu/hr-deg F) of the characteri ics the house

(see Figure 1), and
S is the thermal storage capacity of

Models for space heating and air-conditioner/evaporative cooler are
simi larG Models for other appl iances are discussed in Section IV~ The
monthly equation is simply the integral of the hourly equations over the
of the month 0 Decision variables were identifi in the h rl (and hence
month Iy) mode Is; and these were mode Ied as f ions of eng i near i n9
parameters, marginal electricity price and income0 result is an integra-
ted model producing hourly and monthly estimates icity consumption
end use 0 is mode I cants i ns strateg i ca I I p I us coeff i c i
which are simultaneously econometrically cal

Mixed me Scale ion

mi
are logically

monthly (or
parameters

sales;
ion hourly

may conta i n 1II""Il"'ll"'61"'IIl"'Il"9'114":'!l"ll"" i on sets of
in the two samples should be classifiable

ies; eog~3 commercial buildi or
ingle- or multi i Iy)o

to exploit the that monthly consumption is simply
co!nslJmo,nions occurri in that month 0 Of course» this

as we I as the tota househo Id use II Genera I Iy .,
wri as weighted sums of the time-of-day parame-

avo i d heteroskedast i city" one must a Iso correct for the
hourly observations have di variances~
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Monthly electricity consumption can be expressed as the sum of the
separate hourly consumption magnitudes; lee;

=
SO 24
SUM SUM (Edt)
d=l t=l

(2)

where Em is monthly billed consumption
d is an index indicating the day
SO IS the number of days in the billing month
Edt is consumption in hour t of day de

For simplicitYa we suppress reference to the end-use disaggregation inherent
in our analysise The final estimation equation contains such detai I e

In the merged sample, the dependent variable would be either monthly; Em,
or hourly consumption, Edte The goal is to estimate the parameters of demand
f unct ions for hour Iy and month Iy uses I wh i wou I d then be used to compute
estimates of hourly and monthly loads, E'dt and E'm; respectivelyo The actual
monthly and hourly consumption levels can each be expressed as the sums of a

icted level and an errore That is,

E' (4)

where Urn is the error in predicting monthly consumption; Udt is error
in pred i ct i ng hour Iy consumpt ion & The proc ure exp I 0 its i nformat i on about

the re Iat i onsh i ps between the pa rameters of the equat ions used to pred i ct
and E'dtl and information about the distri ions the errors; Urn and

Udt o

i assuring logical consistency between
the hourly and monthly There are several possible
types of re Iat i ips between the Iy and month Iy parameters depend i ng
upon the type of associated variableo For example; insulation values do not
change between hourly and monthly modelso Simi larly, daily thermostat setting
patterns as night setback etc vary with repetitive patterns~ One could
also easily handle variations over the days the weekG

; as expected, some hourly information is necessary to estimate
with true hourly variation; but only monthly summary information is

necessar to estimate their sum or to estimate arameters which do not var b
the time day~ hiS property as at the root of the use of the mixed time
scale procedure to specify logically correct parameter constraints which can
be used increase the efficiency of the estimation procedure& Furthermore,
note even in a case in which a coefficient varies hourly, the number of

90210
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estimated parameters and the previously mentioned multicoll inearity problem
can be considerably reduced by modeling the form of the hourly variationa

Time-of-Day Coefficient Modeling

Modeling the hourly parameters can result in a considerable reduction in
the number of parameters to be estimated a This can have the dual benefits of
increasing the degrees of freedom and reducing multicollinearity. Water
heater and pool pump models as well as those for unspecified appl iance
consumption were modeled using I inear (pool pump) or quadratic splines (all
others) eo The spl ina knots (end points) were determined by trial and error
from the end use metered data 3 The current procedure a II ows for end-po i nt
equa I i ty or zero restr i ct ions 0 Of course I the degree of the sp line can be
changed (tested) to suit the form appropriate a given set40

The Variance of the Error Term

A genera I i zed Ieast res (GLS) can to ima II y
weight the observations in our combined sample0 the variances of the Udt
are aqua I to a constant k and, for the moment i gnor i cross error
covariances; variance of the error VAR(U), is:

VAR(U) =k(H) + k(BD)

loying a
to:

res wi wei

W:: (VAR(U)/k) (6)

resul in imating ion

E/W [H/W] + E)m [(l-H)/W]

+Udt + [(I-H)I (7)

the error terms is constant across
we; i would result in a hi

Iy ions Iy observations~

ivan monthly line as the number of days in the
increase"

simpl ifi
I timation was extended to take account ings

differences across our sample pool ingeo Conditional
resul in heteroscedasticity in the error since
Rnl'-II~A demand equation present in household as i-

Since different households have different configurations
error variances can be expected result"

discussion
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IV& THE REGRESSION EQUATION AND THE DERIVATION OF THE
END-USE CONSUMPTION ESTIMATES

Energy use is estimated from the estimated coefficients of the overall
Conditional Demand regression equation and the characteristics of the NPC
residential customers~ The conditional demand equation is a compact way to
account for appliance-specific (conditional) demand equations and their sum3

The est i mated regress ion coeff i c i ents are log i ea II y cons i stent wi th
either hourly or monthly observatio~s~ Hence, to estimate the monthly UEC2 for
a particular appl iance" we apply the relevant estimated coefficients to the
monthly means of the explanatory variables for that applianceo On the other
hand; if we want to estimate the UEC for a particular hour; we apply the same
coefficients to the hourly means of the explanatory variables for that
appliance~ To simplify the presentation the i ividual end-use UEC
ca Icu Iat ions I the est i mated coeff i c i ents of the overa II Cand i t i ana I Demand
equation are reported by end-use category~ The R2 the overall regression
equation is 0&79&

the discussion these results we denote the conditional mean of a
var i ab I e by the var i ab I e name fo II owed by a sing I e quote" Preceed i ng each

term is its estimated coefficient whose t ratio is given in parentheses
immediately below& Note signifi t ios exceed 2 in magnitude& The

Iy load shapes reported in section V are calculated in a similar fashion;
except the conditional means variables for specific were
used 0

hourly I = 38022*(BUCEN!ACt') +@112*(INCOMETERMt)
(7~22) (3&79)

-01359*(PRICETERMt -0204*(MF*BUCENTACt') ,
057) 054)

(8)

INCOM t' and PRICETERMt) incorporate [6] the cond itiona I means
income pri res ctively& The t subscript refers to an hourly observa-
tion0 Note the expression (MF*BU ACt) is a remental term to allow
for lower consumption in multi-family units since equals 1 only for multi-
family ily homes@ ios for the coefficients are given in parenthe-
ses bel the est at icientso For example; substituting the hourly

itional mean variables eight AeMo b for the billing months June through
(1984); ei t AeM& central air- conditioning load for the average

residential customer is:

2 The UEC is average electricity consumption in a given period
assumi the appliance is present in the home 0 Here l the average is over all
househo ds having the applianceo Hourly" monthly and annual UEC's were
computed in the studYe
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UECcentac8am = 08022*(255104) +0112*(336803) -01359*(313403)-0204*(24706)
= 194603 BTU'se

Similar calculations are used in obtaining the system-level load-shape plots
shown in section V of this paper. These calculations are done for all the
hours of the day to obtain the load shapes shown in that section0 Because of
the volume of such calculations (24 multiplied by the number of end-uses) we
present each estimated equation only at the annual levalo To compute the
monthly consumption levels; substitute the average monthly conditional mean
va lues into the demand equat ions and d i v ide resu It i ng est i mated annua I
consumption by 120

The Combination Central Air-Conditioner/Evaporative Cooler

annua I : UECcombo :: * (~8022*(BUCOMBOm» +m112*(INCOMETERMm')
~22) 079)

-~1359*(PRICETERMm) -~204*(MF*BUCOMBOm'» (9)
(-4~57) ~54)

annua I: :: * ') +0 »

-~1359* )) -~204*
) ) (10)

054)

annua I : ( 1 ~ ( ') ):: * *(5 ~

annua I ~ * ( 1 m ') ) (12)

annua I: * { (1 - 0204 *MF) $

054)
45866 * (EWHCONm» )
~36)

(EWHNH1m') &986*(EWHNH2m')- 64~8286* (EWHNH2D6m')
(1 &60) ~

~~-~,~~')- 3004583 :$ (EWHNH2D17m') ]
~60)

+ ~112 :$ * (INCOMETERMm') - 01359 * (PRICETERMm') }
(3$79) (4057)
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where
HCON =1 if hourly, 24*80 if monthly observation;

EWHNHl =PER*t if hourly, PER*(24*25/2*BD if monthly;
EWHNH2 =PER*t A 2 if hourly, PER*(24*25*49/6)*BD if monthly;
EWHNH2D6 =PER*(DUM6*(t-6)A2) if hourly,

=PER*(18*19*37/6)*BD if monthly observation;
EWHNH2dlO =PER*(DUMIO*(t-10)A2) if hourly,

=PER*(14*15*29/6)*BD if monthly observation;
EWHNH2D17 =PER*(D 17*(t-l1)A2) if hourly;

. =PER*(7*8*15/6)*BD if monthly observation;
INCOMETERM =INCN if hourly, INCN*24*BD if monthly;
INCN = income divided by average income;
PRICETERM =MPRN if hourly, MPRN*24*BD if monthly;
MPRN = marginal price divided by average marginal pri
PER =number of people in the house;
D 6 = 1 if hour) 6, zero otherwise;
DUM10 = 1 if hour) 10, zero otherwise;
DUM11 = 1 if hour) 17, zero otherwise; and
B is the TBl equation for end use ___

annua I: = 12 * { 06568 * (POOLCONm
($52)

+- 290~2363 *
(2@

ERMm }; (14)

if Iy;
if monthly;

annua I ~ * {

+ ~112 * (INCOMETERMm') - *1359 * (15)

I
equation;

yiel a of consumption multi- fami Iy
integral of UNSt) which is a quadratic spline~ ;
UECs requ i red he fo II ow i ng steps: 1 pec i fy

al Demand functions for each of the appliances;
I d and ions to 0 i n the overa II regress ion

mate coefficients of this regression equation; 4)calcu-
conditional means explanatory variables in the regression

itute the relevant estimated coefficients conditional
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means into each of the appl iance-specific demand functions to estimate the
UECs for each of the specified appliances~ Note that the hourly load shapes
were der i ved us i ng the same equat ions as those used to compute the year Iy
UECse

V3 THE PRIMARY RESULTS OF THE STUDY

VelQ Estimated Annual Residential End-Use Consumption
in the Nevada Power Co Service TerritorYQ

The annual Unit Energy Consumption (UEC) for each of eight appliances
was computed from the estimation equationSe Average energy use per household
in the corresponding appliance category equals the product of these UEC's and
the corresponding saturatione Total electricity used in each appliance
category is the previous product multiplied b the number of customers in the
service territoryQ These products are then summed to obtain an estimate of
the average consumption per customer in the NPC service territory using
identi

E' = SUM [UECi * SRi]
i

(16)

i
SUM

is average annual el ICI consumption per customer;
is average annual electrici consumption through appliance

those customers who have it);
ion rate appliance i; and

sum over i &

I si Ie family multi-family homes are given in las I and
estimated s ngle-family consumption is within 98~95% of the actual level l

while imated average ion multi ily I is 7066%
hi actual average consumption

(in five
our itional demand ionse

F_4~~~~nitioninga space heating; electric water
who Ie house consumpti on appear in Fi gures 2-4 ~

f?'Onl!'ll'll3""\"=IIIFisons between estimated and actual average load
ition n9, water heating and pool pumping customers in

use meterin Note that estimates of load shape for this
sample are di from those the system level because of the difference

characteristics of load-management customers and other Nevada
Company general; Load-Management customers consume

3 air conditioning;
load

ins; pool pumping, the whole
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more air-conditioning because they live in larger houses and have higher
incomes than the average Nevada Power Company customer &

Ve3& Price and Income Elasticities

The estimated overall price and income elasticities are:
Income Elasticity = 00112; Price elasticity =-0&136&

VI@ SUMMARY

The procedure outlined here can economize on data when estimating hourly
electricity demand equations and can insure that estimated hourly and monthly
electricity demand equations are logically consistent with each other 0

Furthermore" the techn i que is app I i cab I e to prob I ems i n the commerc i a I and
industrial sectors~

There are four main advantages to the use of this new procedure:

10 economizes on the requirements for expensive hourly observations when
trying to improve the accuracy of time- -day demand parameters 0 Using this
new proceduraa relatively cheap monthly observations may be used to buttress
analyses which employ relatively expensive hourly observations~

2& rantees
usage VI I I be I i ea I I

I If on

demand equations time-of-day monthly energy
consistent with each other""" both in predicting energy
theoretical level0

30 will aid in improving the transferability of energy sales equations from
one region another since it makes more expl icit the I inkage between the
time-of-day and monthly variables and parameters~

can also be appli to save money and/or increase the
of energy demand for customer types other than residen-

tial @
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HOUR
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