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ABSTRACT

This paper applies Thermodynamic Behavioral Integration (TBI) modeling to
natural gas consumption in the residential sector in the Southern California
Gas(SOCAL) area (Los Angeles CA)& T81 uses conditional demand techniques to
integrate t rmodynamic and behavioral modelss A crucial aspect of the
integrated model is expl icit incorporation of feedbacks between the engi­
neer i n9 and econom i c components s For examp Ie I consumer cho ice of thermostat
sett i ng is affected by the pr i ce of ra i sing the i ntar i or temperature by a
degree; which in turn, depends on the thermal tightness of the housee Overal I
price and income elasticities are computed. The perverse price effect (conser­
vation tends to make warmth cheaper and therefore tends to increase consump­
t ion) is natura I I y inc I uded in ttl is structure" Th i s techn i que has been
applied to modeling residential electric consumption; commercial electric
consumption; industrial gas consumption with excel lent results0

paper discusses a recent resi ial gas consumption in SOCAL
Gas service terri Special emphasis was placed on use of TBl to quantify

ioral neluding Jevel use vari las and estimated relations
c Ia mad actua I use app I i ances" a Iso est i mated the load

effects of ildi and appliance vintage differences" The study included 5
uses: space ing; water ing a cooking" clothes drying pool

Its the study incl unit energy ion for each
app I i a nee pr i ce e last i cit i as by end est i mates oad effects of
customer ic Ii style racter sties estimates of load effects

bu i Id i and app I i ance vintage d i est i mates of the actua I
vior customers in ining ience (i "e0 utility) of
services provi natural gas usage.
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QUANTIFICATION OF RESIDENTIAL BEHAVIORAL PATTERNS WITH INTEGRATED
THERMODYNAMIC/ECONOMETRIC MODELIN~ .

Me Parti , Applied Econometrics Incorporated,
A& V. Sebald, University of California, San Diego; and

Eo y~ Won2, Southern California Gas Co~

I~ INTRODUCTION

Th i s paper discusses a techn i que to increase the accuracy VI i th wh i ch
behav i ora I aspects of res i dent i a I energy consum i on can be stat i st i I I y
measured~ The principal focus here is twofo : (i) price and income elastici­
ties of ener use in the resid tial sector and (ii) demographic and other
factors that explain ene~~y consumption and conservation behavior. We liave
that these problems are strongly coupled and should be anal'yzed in an integra­
ted framework which expl icitly contains; in eir proper places; simul­
taneously interacting models consistent with engineering, economic a
behavioral theory 0 The Thermodynamic Behavioral Inte~ration (TBl) approach;
based on conditional demand techni provides an appropriate framework for

iSm

are valuable in ies
serious disadvantages0

descr 0 ions t building in
sets picall have

Economic a behavior theory
behavior but gives no

is ithful to laws of ther-
approaches can i in order

in Figure 1"
there are two

economic/behavioral) 0 begin with a
the way in ich energy is consumed in each of

decision variables naturally sr in an
behavioral t ; a model is then generated

decision vari las in e engineer ng model $ In general, economic
isions in resi nces wi II depend on variables such as prices; income;

1 is study was funded by Southern ea I i forn i a Gas Co ~ The Company;
nn\~~\j'~P; should not be held responsible for any of the conclusions~

2 Dr~ Won did not have an opportunity to review
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I ifestyle variables such as age and fami Iy composition of the occupants and
even certain thermodynamic variables.

The result is a coupled set of engineering and decision models driven by
the data set. Various approaches can be used to parameterize the models for
estimation purposes and the number of parameters to be estimated is not
excessive. At this stage" we have a theoretical model which, if correct,
wou Id perfact Iy pred ict the energy consumpt i on of each bu i Iding i n the data
seto

IT IS CRUCIAL THAT THE MODELS OF FIGURE 1 BE VIEWED AS SIMULTANEOUSLY FEEDING
EACH OTHERs THEY ARE FULLY INTEGRATED SIMULTANEOUS MODELS.

Both the engineering and behavior models contain parameters which are not
perfectly known. The combined model must therefore be calibrated as depicted
in Figure 2 II The ca Ii brat.i on procedure adj usts these coeff i c i ants and a Iso
quantifies whether the entire integrated model structure is appropriate. IT IS
CRUCIAL THAT THE ENTIRE INTEGRATED MODEL BE SIMULTANEOUSLY ADJUSTED IN A
SINGLE ECONOMETRIC PROCEDURE 8 It i s not suff i c i ant to fix the eng i neer i ng
model and adjust its output with a price term8 We are proposing a completely
integrated calibration in which the individual end use components can be
individually calibrated by the regression.

i s method has been successfuI Iy used
naljs~;rial studies [28.5]~ The work descri

enllanlci the behavioral model 0

5 DY SPECIFICATION

in residential, commercial and
bui Ids on these results by

is paper adresses residential I gas consumption patterns in the
serv ice terr i tory of SoCa I Gas Co s (Los Ange Ias CA) <) The study has three

Is: Forecasting of residential gas consumption in the face of changes in
iest description houses; prices and lifestyle variables affecting

l"'I>""l9~amll:l"'l'~nt behavior; Explicit consideration of conservation devices and
cas; and' Expl cit consideration of variab which affect occupant

iar as it relates to energy consumptione Si end uses were modelled,
by relevant conservation devices4

$ Weather is given in Table I~

3 ce heater, water heater; poo I heater;, clothes dryer» range; and
unsoecif

4 lar space heater, Solar water heater, Solar pool heater, Pilot light
off in summer" Electronic ignition pi lot I ight; Fireplace damper

cl , ic insulation; Attic insulation R-value, Wall insulation;
Caulking/Weather stripping, Duct insulation; Water heater blanket; Flow

I show~rheadsb Pool Cover, Portion of year pool cover is on0
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Tab I e I: Weather (Heat i ng Degree Days) Our i n9 the Study Per i od as Compared
with an Average YearS

Heating season (Nov 0 - May)
Nonheating season (June - Octo)
Annual cycle

March 1984­
Febo 1985

1327
34

1361

Average Year
1389

59
1448

STEP 10 AN EXPLORATORY CONDITIONAL DEMAND MODEL

An Overview

We begin by defining, for each end use, an engineering model for consump­
tion in a given building~ this stage; decision variables like hot water
consumption and thermostat setting are easil in the struc-

but their precise value must be obtai iar (from
survey) or assumed.. In steps III, variables under consumer
control will modeled using from ec'Onomics and behavior

ineeri

bas i c I VIi II exp lie it I
app I i ance i c i ency over both time Ioca Ii;
conservation ices~ We in with an accounting

electric I couid also

GASMONTH :=

- gain
.- gain
<= gain

from Ii

(2)

ga i ns f rom I i
ci terms"
ti ve~

equ~ are ions
are a natural result of

5 us; ved gas use over this period and for the heati
norlnE~a~Jng seasons within it Id closely approximate weather-normali

7.189
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effects of conservation

Each of the terms in Equation (1) is affected by conservation devices/practi­
ces <b Increased prec i s i on and the ab iii ty to measure actu8 I impacts can be
achieved if conservation effects are imbedded in the basic end use models~

Using space heat as an example,

GASSPACE HEAT =sum {BASESPACE HEAT i * product
i I j

where

BASESPACE HEAT i i s the base load assoc i ated wi
ceiling) absent conservation;

component i

(3)

proportionate savings on BASESPACEHEAT i due to device j; and
I

1 if conservation device j is instal I
o if not~

and

ici
mixes
incl

changes can be tested by making EFF in (2) a function
resulting from ti standards~ can rewrite

a base as defined above a savings term:

::: BASESPACE - SAVINGSSPACE H (4)

Nota that
cal i~!l1">lII'Jl"ll"".ell.~

a ion B Ei is specifi
econometr i ca I Iy "

engineeri anal IS can be

ry Ions

The I I ow i ng end use summa ry
ision vari

term
Ie

were in the analysis ..
list ·primitive variables

Decision variables are

:: {UA' II

.. UA'i i I

vint"/type); physical characteristics of bldg)

vintage/type); tightness of bldg)

ip Qwstrip]} * 0*

- HEATGAIN(E-lsh{furnace vintage/type),SUN; Bldg contents)

(5)
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where

UA» she II is the overa II eff i c i ency we i ghted area conductance term for the
shell,

UA'infi I is the overall efficiency weighted area conductance term for infil­
tration;

HEATGAIN is the efficiency weighted integral of the effects of SUN and other
internal heat gains,

PILOT'sh is the monthly pilot light load]

Water Heat

GWH :: {UA'wh (vi~tage conserv dey)

di

* (Tw - ,wh)}

* [l+kADW ADW] .. W*cl * CW + W*bath

10 ... W*other} + 'wh(PILOTwh), (6)

ingBng

a
water one degree

water

I

heater;
water

gallon

natura I gas
a month)"

GWH

flow restrictor';
mng period inte-

IS a binary vari Iecw In the

Clothes Dr 0

GOY;:: q $

q :: 3
<:1

'5 requi to one I

.)

dry IS pi lot Ii the peri
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Cooking

GCK = PRT * HRStop* [l-~icro,top DmicroJ

+ POV(EFF-!ven/UAoven/Tcook/Tinside) * HRSoven * [ l-~icro,oven Dmicro ]

where
(8)

PRT

Dmicro
POV
PILOT'ck

is the average gas power consumed by the range top ina month
(Btu/hr) a

is a binary variable indicating ownership of a microwave oven~

is the gas power consumed by the gas oven (Btu/hr),
is the total pi lot load for cooking during the month$

Pool Heating

GPH :: RCEph (heater vintags;kpsol;Dpsol);Tpl weather) * [I-kcov Qcov]

* SBRph(E-lph(heater vintage)/Ip/cp)
,
pool .. (9)

to a

evapora-

convection

iation; convection

astian

pool

to

pool water"
weighted standby loss plus the replacement water

Iy I

pi lot load

proportionate savings In

cover,

ifi uses; gas Me be consumed in a
ing traditional conditional dema

use consumption as unspecified~ The unspeci­
its natural be modeled in a detailed engineering

unspecified model will be constructed so that it is
maximization model to be employed in deriving gas

ions specified end useSe Thus; unspecified consumption,
viewed as a function of prices" income and other household

ics and wi I I treated as a decision variable ..
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A summary of the model)s decision variables is given in Table 110

Table II: Decision Variable Summary

Variable Purpose/Definition

SPACE HEATING
Dpoff =1 if pilot off during summer, Ootherwis8 0

Dwstrip =1 if weatherstripping installed, 0 otherwise,

0* = integral of {Tout - Tin if Tout <Tin, 0 elsewhere}~

WATER HEATING
W*dish hot water used for dishes in the home,

W*cloth hot water used for clothes washing In home,

W*bath hot water used for baths in the home,

W*shower hot water used for showers in the home,

Dflo ::: 1 if shower flow restrictors i nsta II ed; 0 ise,

CLOTHES DRYING
(LOADS.FACTOR) is number

to over-dry clothes,
clothing multiplied by the propensity

COOKING
HRSeI

icro,i

= number of hours i is used in the absence of a microwave oven (may
be a ion N) (i =top,oven) a

i s the proport i onate reduct ion in mea Is cooked on i due to the
presence a microwave oven (i =top,

POOL HEATING
Tp pool

Dcov =1 if pool cover instal I ,0 otherwise,

MISCELLANEOUS
GMISC gas usage ~~~·~~u~~ miscellaneous appliances

7.193
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VSTEP II: INTRODUCTION OF ECONOMIC THEORY

This section derives demand equations for the consumer decision variables
identified above.. Here, the decision variables are modeled as functions of
fuel price, income and selected thermodynamic variables.. The approach is to
postulate a uti I ity function which wi II be minimized subject to a budget
constraint0 The process results in optimal functions governing the decision
variables in each end use.. The functions then replace the assumed decision
variable values from step I.. The result is a combined engineering and
economic model which yields calibrated price/income elasticities for each end
use" Note that the values of the decision variables now vary with price,
income, thermal integrity and weather across the data sate

Utility Functions

a utility function, U; as follows:

(10)

where represents the value of the i'th decision variable;
represents the va Iue of k I i lei nd i cator var I Ie

the Id ~

constraint is:

Y=Pg * [ GSH .. GWH + GCK + GOY ..

* [

.. GMISC]

] ;

for conservation measure implementa-

where y

GMISC

monthly income;

impl
en a

mi see I Ianeous in a

and all the other variables are as

into a form dependent on the decision variables,
consumpt i on are hypothes i zed f or each of the

and the magnitudes of the components are determined by a
ISlon variablese The optimal values these decision

ined, as noted, in a ility optimization framework 0

To convert
discretionary

categories
of consumer

variables are
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Vol The Revised Budget Constraint and Implicit Prices

A new budget constra i nt can be wr i tten to ref Iact the expend i tures on each
decision variable in Table 5~ This new budget constraint is equivalent to the
old budget constraint; however, it explicitly takes into account the marginal
price effects of changing the endogenous decision variables:

CONSERVATION + Po * OTHER;

Y=S~M {S~M[(Implicit Price of Decision Variable)ij
I J

$(Decision Variable)j ] * Ai}

+ SUM [ ice of Gas) $ (Non-Discretionary

where j is the inde~ of the endogenous decision vari las;
i is an the index of appliances; and
Ai =1 if appliance i is present, 0 ise~

Impl icit Prices

variables,
expense

f i na I budget

implicit price as marginal cost
las given the price of gas
I iance and; for some appl iances a

tutin the impl icit prices; cision
levels use, ion measures

Vii usei n ion y i e I

ice

high~

preliminary ice
(space and water heaters)

da i I y needs the
"!I"'_l"'ill"!ltl"l~"i"" i ves " AIthough the

it is apparent from
can by

single-family residences

I contain appliances with dominant discre-
t i onary lis group us character i zed by re Iat i va Iy sma II saturat ion"

general, we would expect ice elasticities to be higher in this group
in first common elastic ty group ..

in case the fi appliance group, the third group of applian-
ces (range and dryer) is used to satisfy important daily household needs for
wh i ell there are no good (at home) a Iternat i ves" However; un like the first
group, the expected gas consumption for this group would be relatively small;
under $10000 per month the average household that used gas fuel for both

7.195
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of these appliance categories.. In addition; the degree
consumption expected in these categories is relatively smal16

discretionary

F i na II y .. consumpt ion i n the unspec i f i ed category is very sma I I and is
genera Ily assoc i ated wi th app Ii ances wi th rei at i ve I y I a rge disc ret i ona ry
components.. Although the saturation is.. by convention, one; the expected
(ave·rage) yearly household consumption in th i scategory is extremely small ..
The Average Price, Marginal Price and Intra-Marginal Price are all contained
i n the data set.. The pr ice term spec i f i cat i on assumes an app I i ance-group
price response in which the within-group price response is assumed constant ..
Note that the price effect is applied only to the discretionary portion of the
load ..

Incorporation of Socia-Economic; Lifestyle and Vintage Variables

In this section we ~iscuss the incorporation the socio~economic,

lifestyle, and vintage variables (household characteristics) in the
utility-maximization models~ Household characteristics play an important role
in our utility-maximization models since they may the tastes and budget
constraints of customers 6 the current discussion, o~r primary concerns are
the household characteristics that rectl:¥ affect oyment or uti I i
associated wi our postulated decision vari Iss.. ble I I ists sue
variables~ Household characteristics whi affect level of utility only
i irectly through ir effect upon consumer ions were di above~

Table nOUlseflO Id racteristics in set.,

rduring the

1) Number of
2) Ages of
3) The number were away from
4) i Iy income
5) Age of the home
6) Work status Id
7) value
8) expected to rema;n in
9) Marital
10)

a utility ion, U, can be used to summarize the tastes of a
given household o or of main decision maker in the household.. Suppose, for
si licity the function is log-linear and can be written:

(13)

where the j subscript for U indicates that utility has been calculated for the
Jth household o aij (i =l'&&0,n) represents the j'th taste parameter for the
'th household, di (i:l,066,n) are the variables affecting the utility of the

nO~JsE~nold decision maker , and is a random error term (mean zero) for the
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j'th household. Note that the effect of di in determining utility can vary
across householdso In fact; these taste parameters are probably not constant,
and we may model them as functions of the characteristics of the households:

aij = fi( Hj ); (14)

where fi is a function determining the value of aij and Hj is a vector of
characteristics of household jo

In general, the parameters of the gas demand functions derived from
equations like Equation (13) and a budget constraint would be related to the
parameters of the original uti lity function. In the current setting, however;
these original taste parameters were replaced by the functions used to predict
theme Since the arguments of these functions are household characteristics;
the household characteristics wi II directly affect the demand for natural gaso

VII THE DATA SET

The variables in customer survey set are Ii in five catego-
rieslt They are: 1) service, 2) conservation 3) fami Iy life-style, 4)
appliances; 5) vintage, and 6) structural vari eSg

ECONOMETRIC ISSUES

primary econometric
Ilows:

lams in I iog are as

overall conditionalfromresulti
b

20 combi icity serial correlation resulting from the
cross-section/time-series anal is;

3., s i mu I tane i ty issue resu I t i rom the use endogenous r i ide
vari las (price» discrete saon variables as flow restrictor
illation; ,,)" ,

40 nonlinearities in parameters in our ion specificationlt

The Final Use ion

nO.JsE~nold gas use equation to be estimated is the sum of the
We simplify the overall function by using notation in
ions are wr i tten as ions of the endogenous and

Ias. The endogenous var i ab Ias are exp lie i t Iy wr i tten as
ions of behavioral variables such as price, income; and household

isticS0 The endogenous variables are written to the left of the
semicolon exogenous variables are written to the right of the semi-
colon0

pa icular, we define the following notation:
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(15)

where

Gi is the function describing the gas end-use consumption in end-use i;
i = sh, wh 1 dy, ck, ph,

ej (H,Y,P) is the function describing the endogenous decision variable ej (j
to m) $ Although ej is expl icitly dependent on the behavioral
variables and implicitly dependent on engineering relationships; we
list only the explicit dependencies6

H is the set of household characteristics; Y is the family income; and
P is the price term for this end-use, and

xI< is the kth (k:::l to r) exogenous explanatory variable on whi Gi
explicitly depends@

IX$l Final Estimating Equation

Stati ical cali ion of the overall model is carried out; in part; by
imating a coefficient (ai) for each end-useo This coefficient relates the

expected engineering usage to the actual~ If overall engineering rela-
ti i were perfectly consistent wi ion, the estimated
va Ius these coeff i c i ants wou Id equa I to one 40 Note that for
some uses, the ai would not ide ifi were no expl icit
mode I the i scret i ona ion e Ioad ~ The notat i on of the

I is consistent with ibed above: the endogenous vari las are
to the I the semicolon and variables are wri

ri semicolonG

ip(ages;vintage,P"Y),

ii,kwstrip,HEATGAIN;PILOT

YI "Df I 0 Ie;Y"P) ;

,hday;Ie,$ GSH[D*

Dpoff(workstat,Y,P);UA)

$ GWH[W*wh lea~~·~~~·~~~

GAS ::

)wh, Cpg ADW; kADWI 101

+ ag $ GDY I workstat,Y,P);

VaP); icro(ages;workstat;people,Y"P);

Tp(peopl ags,hday,Y,P);RCEphaUACWph;OTHERph;PILOT)ph] * Aph

$ GMISC [people; age; hdaYa YaP] + UCAS; (16)

where
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is a disturbance term,
is the est i mated adj ustment coeff i c i ent on app I i ance i (i = space
heater, water heater, clothes dryer D cooking appliances, pool
heater, unspecified), and
=1 if appliance i is present, 0 otherwise (i =space heater, water
heater I clothes dryer" cook i ng appl i ances a poo I heater" unspec i ­
fied)D

The endogenous decision variable functions in equation (16) are:

Previously defined: DwstriP, Dpoff; D*, 0flol FACTOR*LOAD, Tp1 Dcov
Previously undefined:

W*wh

kmicro

HRSck

= (W*dishl W*cloth, W*batha W*shower)

= (kmicro;top ; kmicro,oven)

= (HRStopl HRSoven),

is the funct ion descr i bing the proport i onate say i ngs i n rad i at ion
and convection and evaporation due to a pool cover, and

The previously undefined exogenous yarD las in Equation (16) are:

people
ages
workstat
hday
kADW

is the number people in the home,
IS the average age of the household members,
is the work status the household members;
is the number of people home during the day;
is the proportionate increase in hot water usage due to presence
of an automatic dishwasher,
IS proportionate savings to the shower flow restrictof;
is the number degree-ga lions of water used other hot
water applications;
is the pilot Ii load of
:: POV) ,
is a nary variable ing the presence of a microwave oven,

M0 Pa rt i C~ rt i, "The I and App I i anee Spec i fie Cond i tiona I
Demand Electrici in the Household Sector", Bell Jrnl of Economics,
vol ,n06 1; Spring 19806

M~ rti I A.. Sebald and K" Parris; A Conditional Demand Study of the
Direct leather Ass i stance Program, San 0 i ego Gas and EI actr i c Co b

February; 1984 ..

M"Parti, A.. Sebald and K.. Parris, Measuring the Impact of COl1l11el""cial
Conservation and Load Management, EPRI Project RP2152, EPRI Annual Review
of Demand and Conservation Research; Seattle; WAD Iy 1984
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