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ABSTRACT: Residential water demandis a fundion of several factors,
some of which are within the control of water utilities (e.g., price, water
restrictions rebate programs) and some of which are not (e.g., climate
andweather, demographic characteristics). Unde standing which factors
influence demand, howmuch, andamongwhich classes and sub-sets of
cugonmers can betremendousy valuable to water manages as part of
planning anddroughtmanagement efforts. In this study of Aurora,
Colorado, factors influencing residential water demand are reviewed
during a turbulent period (2000.2005)featuring severe drought frequent
(andsignificant) pricing reforms, and several additional managenent
interventions Findingsexpandtheundestanding of residential demand
in at lead three salient ways: first, by doaumenting theinteraction
between price and outdoor water restrictions second, by identifying
important differences in how price andrestrictionsinfluence demand
amongdifferent classes of cusonmers (i.e., low, middle and high volume
water users) and between pre-droughtanddroughtperiods andthird, in
demongrating howreal-time information aboutconsurmptive use (via the
Water Smart Reade’) shapes cugomer behavior.
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INTRODUCTION

A century ago, mog western water issues focused on the pursuit of federally-funded (and
congdructed) projects serving agricultural water demandsthroughincreased storage and
conveyance facilities. Today, thelandcapeis dramatically different, as municipdities
have emerged asthefocal paint of mog water issues and decision-making, and as the
scopeof water management has come to focusondemandsas well as supplies. In many
cases, thismunicipd focusis on sububsrather than core cities, as the subutbs often face
the strongest growth pressures coupled with the least robug supply systemsN a
consquence of developing after core cities have already appropriated the mog abundant
andreliable local supplies. I1nthese settings the majority of water demandsare typically
for single-family homes; consequently, oneof thestrongest management needsisto
better undestand and predict how these houshold demandsare likely to respondboth to
management interventions(such as price inaeases and outdoorwater use restrictiong
and exogenousfactors (such as weather and demographic changes). Thisinformationis

paticularly valuable in the context of droughtplanning and mitigaion.

CASE STuDY: DROUGHT IN AURORA, COLORADO

Theinvestigation of resdential water demand featured in this pgper focuses on the City
of Aurora, Colorado, arapidly growing Denver subutb of approximately 309,000
residents served exclugvely by asingle municipd provide: Aurora Water. Based on our
andysis of billing records provided by Aurora Water, approximately 70-80 percent of
ddiveriesin the utility® service area are to residential cusomers, with single-family
homes accouniing for thebulk of these ddiveries. Stretching supplies to meet demandsin
Aurora has been a growing chdlengefor several decades, as rapid popuktion growth,
combined with limited oppotunities to expand supply, have placed apremiumon
demand management. In thisrespect, Aurorais similar to cities across Colorado® Front
Rangeand much of the southwestern United States (Nichols and Kenney, 2003)

In 2002,water officials alongthe Front Rangewere confronted with oneof theworst

droughtyears onrecord (Pielke et al., 2005, threatening the adequacy of Aurora@® water
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supply. Inrespong, Aurora Water implemented avariety of short and longterm demand
management programs over the next few years. Programsinduded: droughtrestrictions
(i.e., limits on outdoorwater use); incentive programs, introdudionsof new technologies,
and multiple changesin billing structures and rates, culminaingin theadopion of an
increasing block rate pricing structure with individudized (household-specific) block
widths(i.e., thevolume of water priced at a given rate level) based on water budgés
adjuged annudly in response to consumption levels, water storage conditions and
revenueconsderations A timeline of thekey management interventiond\ i.e., the
pricing and water restrictionspoliciesN is provided in Figure 1. Collectively, these water
demand efforts were highly successful, reduangtotal annud ddiveriesin 2002and 2003
by 8 and 26 percent, respectively, relative to average ddiveriesin the 20062001 peiod
(Aurora Management Plan, 2005) Thevast magjority of these cutbacks came from the

single-family home sector and occurred during the summer irrigation season.

Figure 1. Timelineof Pricing and Restrictions Policies
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Enthudasm regarding the success of the demand management program was tempered
somewha by theinability to easily assess which of the simultaneoudy employed tools

were responsble for the observed declines, and subsequently, which redudionscould
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(and could nof) berelied uponin thefuture. Answering these questionsis necessary to
improve both longterm and short-term planning. To investigate these questions Aurora
Water in thefall of 2005entered into an ongoing research partnership with the Western
Water Assessment (a NOAA-fundel effort based at the University of Colorado@
Coopeative Inditute for Research in Environmental Sciences) to explore influences and
recent trendsin residential water demand. Thetiming for thisresearch isideal, asthe
extreme nature of therecent drought combined with the aggressiveness and complexity
of AuroraWater@ drough response, provide an unusudly broad spectrum of factors
agang which to track demand paterns Aurora Water was able to provide a database of
monthly consumption recordsove thestudy period tracking water demand at a
houghold-by-houshold scale, which allowed usto investigate the impacts of different
demand management programs enacted at different times and evaluae the behavior of
different types of hougholds In contrast, mog similar water demand studies rely on
aggregaed, citywidedaa (Arbues et al., 2003;and Hewitt and Haneman, 1995)
Collectively, these qudities providealargdy unprecedented oppotunity to explore
several facets of residential water demand. Results from Phase 1 of research are

presented herein; a Phase 2 isunde development.

LITERATURE REVIEW

Theliterature onresidential water demand has expanded significantly in recent yearsin
terms of scopeand sophistication, as quantitative, regression-based studies have
illuminated many relationshipswhile smultaneoudy identifying several new research
guestions(e.g., see Olmstead et al., 2003 and Gaudin, 2006) Given our focusin this
study on informing real-world demand management, our summary in this and subsequent
sectionsexplicitly distinguishes between factors unde the control of water utilities and
those that are not (a convention utilized by Gegax et al., 1998) Mog of our emphasis,
accordingly, isontheformer category; nonghdess, congdering thefull spectrum of
influences on water demand is necessary for undestanding and projecting demand, and

for assessing oppotunities for demand management.
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FACTORSUNDER UTILITY CONTROL
PRICING AND RATE STRUCTURES

A congstent point of emphasisin theliterature is the attempt to quantify price elagticity
of water demandN i.e., the econornic measure of how demand for water movesin
responge to price changes. Thisisaquestion of great practical importance, as pricing
provides an obviousmechanism for water utilitiesto strategically manipulate cusomer
behavior. Thetremendousexperimentation recently with new rate and pricing structures
has provided many oppotunities for this research, with dozens of studies confirming the
intuitive notion tha raising prices does in fact reduce demand, albeit only modestly (i.e.,
demandislargdy priceindastic). Estimates of price elasticity vary widdy; one
summary of this literature by Brookshire et al. (2002) suggests afairly typica valueto be
-0.5 (meaning that a 10 percent increase in price nets a5 percent decrease in

consumption).

Nested within this general conduson regarding price elasticity isavariety of subtie, but
practically important, uncertainties and research questions Chief amongtheseisthe
notion tha many individuds lack a clear undestanding of thar rate structure and water
bill, raising difficult research issues aboutwhich price signds cusomers actudly respond
to (e.g., see Billingsand Agthe, 198Q Shin, 1985;and Jordan, 1999. Inthemoden era,
more and more cugomers throughoutthe Southwest face an increasing block rate
structure which meansthat water gets progressively more expensve as thar level of use
moves them into and throughpricing tiers designed to discourage excessive use (Western
Resource Advocates, 2003. Therationde of this approach is based on the notion tha
conaumers respondto margind prices (i.e., thecog of thelast unit purchased); however,
there isreason to think tha this viewpoint is too simplistic, as cusomers not only often
lack an undestanding of thar rate structure, butrarely have anything resembling real-
time information aboutther current level of consumption (Carter and Milon, 2005
Foder and Beattie, 1979;and Arbues et al., 2003. A further complicationisidentified
by Olmstead et al. (2003, who provide evidence that the mere existence of an increasing

blodk structure can reduce demand irrespective of the changein price. Still additiond
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complicationsassodated with calculating and utilizing price elasticities derive fromthe
observation tha price elasticity can vary significantly among seasons uses, regions and
varioussodal/econormic conditions and can beinfluenced by the existence of other
demand management strategies (e.g., public education and water-use restrictions (e.g.,
see Cavanaughet al., 2002;Howe and Lineaweaver, 1967;and Renwick and Green,
2000. A more sophisticated undestanding of these influences is key to trandating a

genegd undeastanding of price elagticity into effective demand management policies.

NON-PRICE STRATEGIES

Due perhgpsto political oppostion, equity concerns, and legd limitations water utilities
are frequently reluctant to rely solely on price to allocate scarce supplies of water. Thus
in conjundion with price policies, utilities often implement a variety of nonprice
programs designed to produe both temporary (droughtmotivated) and permanent

redudionsin quantity demanded.

Therangeof nonprice strategies for managing water demand can generally be groupel
into three categories: publc education, technological improvements, and water
restrictions Research into thefirst category, public education programs, genealy show
them to bemodestly bendicial, especialy in the short-term (Michdson et al., 1999;and
Syme et al., 2000. However, mog water demand studies, induding this ong offer little
guantitative andysis on this variable since it remainsa chdlengeto (a) separate the effect
of education programs from other pricing and non-price programs, (b) to make
meaningful distinctionsbeween the nearly infinite variety of educationd efforts, and (c)
to assess thelongterm value of public educationin promoting a conservation ethic.
Research seems to suggest tha a certain Qritical massOof educationd programs are
necessary to generate significant bendfits, buttha utilities soonreach a point of declining
returnsas additiond efforts are implemented thereafter (Michdson et al., 1999.

Somewha more attention has been given to undestanding the effectiveness of
technological changes, especially indoorretrofitting of water-usng devices such as
toilets, showerheads and washing machines. Studies with this focusare frequently based

on engineering assumptionsof expected redudions(Michdsen et al., 1999. Onenotable
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exceptionis provided by Renwick and Archibdd (1998) whose empirical research of

houghold water demand in Santa Barbara and Goleta, California, foundthat ingalling
low flow toilets reduced consumption by 10 percent (per toilet), low flow showerheads
by 8 percent (per fixture), and adopiion of water efficient irrigation technologies by 11

percent.

Research into the effectiveness of outdoorwatering restrictionsgeneraly focuses onthe
comparison of voluntary versus mandaory programs. Theliteratureis consstentin
showing significant (sometimes 30 percent or more) savingsfrom mandaory restrictions
findingsregarding voluntary restrictionsare much more variable, but with savings
estimates genaally lagging far benind the mandaory programs (e.g., see Kenney et al.,
2004;Lee, 1981;Lee and Warren, 1981 Renwick and Green, 2000;Shaw and
Maidment, 1987;and Shaw and Maidment, 1988)

Part of the chdlengein assessing theimpact of restrictionsprogramsistha they are
usudly combined with other price and non-price efforts. Few studies have induded both
types of policiesin ther andysis (e.g. Renwick and Green, 200Q and Michdson et al.,
1999) and even amongthose studies which indude both sets of policies, two important
factors are typically omitted. First, aggregate responsveness to restrictionswill depend
heavily onthedistribution of users (Goemans 20056). For example, cities with arelatively
small number of largewater users are likely to experience less redudionsin respong to
restrictionsthan those with alarge nunmber of these types of consumers. Second, as noted
by Howe and Goemans (2002) therespong of householdsto changesin priceislikely to

differ when restrictionsare in place.

FACTORSBEYOND THE CONTROL OF THE WATER UTILITY
WEATHER

In additionto thevariousprice and nonprice tools tha utilities can utilize to manage
demand are a hog of independent factors known to influence residential water demand.

Chief amongthese isweather. It iswell doaumented that weather can impact short-term
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water demand decisions(paticularly for landscapeirrigaion), and for this reason,
weather variables are typically controlled for in regression-based studies focused on price
and non-price tods (e.g., see Gutzler and Nims, 2005). But beyondtheintuitive
condugontha hot-dry weather generates highe demandsthan cool-wet conditions the
exact nature of the weather/water demand relationship has several areas of uncertainty.
For example, researchers continueto search for the best combination of weather variables
to explain consumption paterns often finding precipitation to bethe mog useful
predictive variable, but aso finding valuein measures of temperature, ET
(evapotranspiration), and in some cases, indices designed to measure the unmet water
needs of landscape plantings(e.g., see Gutzler and Nims, 2005;Maidment and Miaou,
1986;Rhoales and Walski, 1991;and Woodad and Horn, 1988)

Exactly howto consde these variablesis a chdlenging question; for example, what is
more important: total precipitation over amonth, the number of precipitation events, or
thetime between events? Questionsof this naure are difficult to answer for avariety of
reasons induding issues of microdimate (i.e., weather conditionsin oneneighbohood
may not match anothe), the existence of major outdoorwater uses other than for
irrigdion (e.g., the use of evaporative coolers), and distinguishing theimpact of weather
fromthebroad spectrum of pricing and non-price management tools tha are mogt
frequently (and/or aggressively) employed during the hottest and driest seasons The
literature does notidentify a preferred methodfor modding weather variables.
Furthermore, research isfrequently congrained by the fact tha houshold-level
consumption datais only available at a monthly scale while weather variables change

daly.

DEMOGRAPHIC CONSIDERATIONS
Data limitationsare acommon impediment to assessing theimpact of demographic
characteristics onresidential water demand. Researchersrarely have daa setsthat allow
them to match household level consumption data with demographic data aboutthe people
and hous assodated with aresidential water account Nonehdess, research to dateis

asufficient to suggest that houshold water demand is influenced by heterogeneity
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assod ated with differences in wealth (income), family size and agedistribution, and
houshold preferences towardswater use and conervation (Cavanaughet al., 2002;
Hankeand deMare, 1982;Jones and Morris, 1984 Lyman, 1992;Renwick and Green,
2000;and Symeet al., 2000) Similarly, housng characteristics useful in explaining
residential water demand can indudethetype of dwelling (e.g. single family homevs.
apatment), ageof hous, size of hou®/lot, and the water-usng technologies featured
(Billingsand Day, 1989;Cavanaughet al., 2002;Lyman, 1992 Mayer et al., 1999;and
Renwick and Green, 2000. Consdering these influencesis difficult notonly dueto the
aforementioneal lack of therelevant houshold/accountlevel daa, butalso given that
many features of ahome (e.g., size) arelikely to be correlated with houshold features,

paticularly income.

DATA AND METHODOLOGY
DATA

Asnoted earlier, the dataset compiled for thisinvestigationis unusudly strong,in part
due to theavailability of household level datafor many variables (namely price and
conaumption), the extreme droughtconditionstha characterized the study period, and the
aggressiveness and diversity of themanagement interventions Our andysis focuses on
those housholdsfor which we had a complete, uninterrupted billing history between
1997and 2005 While this approach had the unintended consequence of eiminaing
recent (pog 1997)housng developments from our study popuktion, andysis of thedata
did not show any other systematic differences between those housholdswith complete
recordsand those without Thistimeframe was utilized so tha we could classify
conaumers based on their water use habits prior to 2000,thefirst year used in owr
regression andysis. After cleaning thedaa we are left with roughly 680000unique
billing period obgervationsfrom over 10,000houshold accounts. Variable definitions

and source informationis provided in Table 1.:
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Table 1: Variable Definitions

Table1. Variable Definitions

Vaidble Definition Units Source
consum househol d consumption per billing period TH Gdlons Aurora
Factors Under Utility Control
CPI adjuded averagepricepa d per
cpilagep thousand gallonsduring the previoushill
period 1999 Dollars Aurora
indicator variable equd to oneif
redrict restrictionswherein place a some point
during thecurrent bill period 01 Aurora
bl prddays length of current bill period days Aurora
indicator variable, equd to oneif
outdoorrebate househol d participated in outdoor rebate
program 0-1 Aurora
indicator variable, equd to oneif
indoorrebate household participated in indoor rebate
program 01 Aurora
indicator variable, equd to oneif
wg househol d purchased aWater Smart
Reeder 01 Aurora
Factors Outside of Utility Control
Seasonal/Weather Rd ated
indicator variable equd to oneif any
Irrigation portion of thebill period occurred during
theirrigation sseson (May-Oct) 01
holiday indicator variable, equd to oneif
Chrigmesor Thanksgiving occurred during
ome portion of the current bill period 01
avemaxt averagedaily maximumtemperature over
thecourse of the current bill period Fahrenheit NOAA
totpredip tota pre(?i pidti Qn over thecourseof the
current bill period Inches NOAA
Economi c-Demographic (bl ock-levd )
hhinc median household income 1999 Dollars 2000 Cenaus
medage medi an age of homeowner Yeas 2000 Cenaus
pph median s ze of houschold persons 2000 Cenaus
houseowned percentage of homesowner occupied Percentage 2000 Cenaus
newhome percentage of homesbuilt after 1991 Percentage 2000 Cenaus
oldhome percentage of homesbuilt prior to 1970 Percentage 2000 Cenwus
numbedrooms medi an number of bedrooms #of Bedrooms 2000 Cendus

10
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PRICE, PRICING STRUCTURES, AND CONSUMPTION
At the heart of theresearch database are monthly billing recordsfrom Aurora Water
keyed by a cusgomer numbe and cugomer location which allowed usto track individud
behavior while still preserving the anonymity of specific cugsomers. Billingrecords
providetwo critically important types of information: consumption levels, and thepricing
structures (i.e., theddineation of tiers and their assodated rates) assodated with the
observed levels of consumption. Asshown earlier in Figure 1, these pricing structures
have changed significantly in recent years. In summer of 2002,Auroratrangtioned from
aflat rate to an inareasing block rate (IBR) pricing structure, with al housholds subject
to the same rates and block widths(i.e. quantity of water sold at each price). Soon
thereafter, Aurorabegan to refinethar IBR structure by tailoring the size of each block
width on a houshold by houshold basis, an approach known as individud water
budgés. Thiswasinitially done(in 2003)by focusing only onthewidth of thefirst
block, based largdy onthe cusomer® historic average winter consumption. Since 2004,
the size of each accouni® second blodk has also been determined on a household by
household basis.

Over the course of the study peiod, nomind ratesranged fromalow of $1.91 pe
thousnd gdlons(unde theuniform rate structure in place prior to 2002 to $9.20 (in the
highest (third) blodk in 2004) Thus theeffective margind price for aconsumer usnga
large volume of water has increased by more than 7 dollars per thousand gdlons(almos

afactor of five), by far thelargest swing we have observed in theliterature.

In thisandysis, we chose to use the average cog of water astheprice signd in the
statistical andysis, aconduson reached after reviewing the extensve literature on the
subject (e.g., see Michdson et al., 1999 and Gaudn, 2006) and after an informal
experiment amongour university colleagues confirmed our suspicion tha mog cusomers
likely have difficultly interpreting ther bill and billing structure beyondthe genera
condugonthat chargesincrease with usage In our experiment, we provided several

colleagues with copies of sample Aurorawater bills, asking them, among other things to

11
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identify themargind price of water in the next month given a paticular level of use.

Nonewere able to dothis correctly.

We followed common convention by lagging this price variable amonth; i.e., water use
in agiven month is assumed to beinfluenced by the magnitudeof thewater bill in the
preceding month. Average price from theprevious bill is used because thisistheonly
pricing information available to consumers when making thar current month@ water use

decisions Thedaabase also indudes a variable for number of hilling daysin each cycle.

RESTRICTIONS

Thedataset also tracks periodsfeaturing droughtingired restrictionson outdoa water
use, primarily focusng onthefrequency and duration of lawn watering. Aurora Water,
like mog Colorado utilities, has recently employed restrictionsas part of efforts to curb
summer water demand (Kenney et al., 2004) In Aurora, mandaory outdoa water-use
restrictionsof variousdegrees of severity were in place between May 15,2002and
Octobe 31,2003,then agan between May 1 and Octobe 31,2004 (see Figure 1). (Note
in thefollowing discussion of methodobgy and results tha theinteraction of restrictions

and price is given particular attentionin this study.)

REBATES AND WATER SMART READERS
Anothe unusud qudity of our dataset is our ability to identify and track housholdstha
have taken part in city-spon®red rebate programs for water efficient technologies. Our
andysis focuses on three different classes of programs:. (1) those for indoorappliances,
such astoilet retrofits; (2) those for outdoa techndogies, such as sprinkler system
upgrades; and (3) the Water Smart Reader program. A Water Smart Reader (WSR) isan
in-home device (similar in appearance to a pager) that intercepts radio signds froman
individud® water meter, displaying real-time information aboutlevels of water
conaumption. Use of aWSR alowsindividudsto track thar water usagein relationship

to their monthly water budge.

12
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Rebaes offered for water efficient indoorappliances rangefrom $100for onelow-flow
toilet to $400for onewater-efficient washer and two dud-flush toilets. Aurora also
offered rebates of 50% of total cos up to amaximum of $200for irrigation efficiency
upgrades. Aurora Water cugomers wanting a WSR are assessed a charge of $30
(roughly hdf thecog of providing the produda).

WEATHER AND CLIMATE
Theresearch dataset utilizes daly weather datafrom the Nationd Oceanic and
Atmospheaic Administration to condrud average maximum daly temperature and total
precipitation over the course of each billing period. As noted before, this dataset is
unugid initsvariability, asthestudy period contains several years of drought
paticularly 2002which has been estimated by some climate researchers as having a
return period of roughly 400years for some parts of Colorado® Front Range(the urban
corridor running between the Wyoming border to the north and Pueblo to the south, along
the eastern edgeof theRocky Mounting) (Pielke et al., 2005) Thisis highly significant,
as previousstudies of residential water demand typically use climate variables from
relatively nomal periodsto estimate responss in droughtconditions in contrast, we
have the daa necessary to measure this respons. Additiondly, some of those studies tha
have had extreme conditionsas part of the study period have been limited by nat having
individud houshold daa (e.g. Renwick and Green, 200Q and Kenney et al., 2004)

Theclimate in thestudy regionis also consdered by coding al billing period
observationsbased on whether they occurred during theirrigation season, defined with
respect to the start and end daes at which mog householdsare bdieved to begin and end
lawn watering (May to Octobe). (Induding dunmy variables for each individud month
was also origindly done butwas foundnotto offer any benefits beyondtheirrigaion
season approach.) After reviewingdaly (system-wide) water ddivery records it was
also decided to utilize a holidayOparameter to accountfor the noticeable spikes
observed in thedaly water ddiveries seen in thelate November (Thankggiving) and late

Decembe (Christmas) billing periods

13
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DEMOGRAPHIC DATA
Thebilling daais supplemented with avariety of houshold-level demographic daa
which is potentially useful in exploring how water demand varies amongdifferent types
of familiesand houss. TheU.S. Censusdaais reported at theblodk level, so average or
median neighbohoodvaues were assigned to thecorresponding individud records
Dataindudel are: median houshold income (199 dollars), median age of homeowner,
median size of houshold, percentage of homes owner-occupied, percentage of homes
built after 1991, percentage of homes built prior to 1970,and median number of
bedrooms. As noted bdow, while our modd of demand indudes these demographic
factors, our choice of statistical techniquecannotutilize daatha is static over thestudy

period, so our presentation of demographic daaislimited to descriptive statistics.

METHODOLOGY

MODEL OF DEMAND
Our modd of houshold-level water demand is conceptudly similar to those foundin
previousstudies tha assume water demand is primarily afundion of price, weather,
hous and houshold characteristics, and any other notable (and observed) policy
interventionstaken during the study period (e.g., restrictiong (e.g. see Gaudin, 2006;
Hewitt and Hanemann, 1995;and Olmstead et al., 2003) Specificaly, we assume tha
total demand for water by household i during billing periodt is defined as follows:

<(9L! o T 1n (avepricei’l#1 )+ !, (ln (avepricei‘t_ ; )* restrict1)+
(1 restrict, + ! ,blockrate +! In (blprddays,.,t)+ ! outdoorreb, , +
In (w,.’t)I (!,indoorreb,, + ! wsr, + ! Irrigation, + ! Holiday, +
(! avemaxt, + ! totprecip, +"\In (hhincl,)+ ",medage, +

t

+wv\_/vvvv -
~
=
A —

E+"2 pph. + " houseowned, +" ,newhome, +" oldhome, +" numbedrooms, +$,

$ =%+ 1,

I, represents unob®rved factors tha influence demand. This term is composed of two

pats. u, reflectsrandomunob®rved influences, where themean of ,, isassumed to be
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zero; ! . reflects differences between householdswhich are unob®rved from theandyst@

perspective (e.g. lot size, irrigaion technology, etc.).

In additionto thefactors defined earlier (and shown in Table 1), our demand modd

indudestwo additiond terms. First, a price-restrictionsinteraction term
(In(aveprice;'t_1 )* restrict, ), which explicitly accounts for any differencesin

responsvenessto price when restrictionsare in place. This approach was origindly
suggested by Monaur (1987 andlater by Michdson et al. (1999, however, both of these
studies omitted this variable fromther find andyss (duelargdy to alack of variationin
the daaset resulting in high collinearity between the interaction term and other variables).
Second,we indudeablock rate dunmy variable (blockrate) to allow for the possibility
tha, for reasonsothe than thedirect price effect, houshold consumption paternsdiffer
unde increasing block rate structures (Olmstead et al., 2003)

DATA ANALYSIS: FIXED EFFECTS-INSTRUMENTAL VARIABLES (FE-1V)
Many studies of water demand utilize the regression techniqgueknown as ordinary least
squaes (OLS) to estimate demand for water. However, use of OL S to estimate Equaion
1 will produce biased results dueto problems of endogendty (i.e., some explanaory

variables are correlated with theerror term, /, ). This problem can arise in two related

contexts. First, our daa set undoubedly omits some factors relevant to deermining
houshold water demand. Two likely omissionsare daa aboutthe presence/absence of
evaporative coolers (Hewitt and Hanemann, 1995) and data aboutirrigable acreage and
thetype of sprinkler systems employed in their maintenance. Many of these
Qunob®rvedOeffects (reflected in Equaion1 by /) are likely correlated with induded

variables, such as houshold income, ensuring that OLS will produce biased parameter
estimates (Wooldridge 2002. Secondly, unde block rate pricing, thereationship
between price and consumptionis unusudly complicated, as price (either average or

margind) notonly influences consumption, butthelevel of consumption influences price

(both margind and average). Because of this, In (aveprice,,., )islikely to be correlated

it-1

with /; , throughtheunob®rved individud effects, n , and possibly through p, ,,, . If this
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isthe case then, again, OLS will produ biased parameter estimates. This problem is
well doaumented throughoutthe water demand literature (e.g. see Arbues et al., 2003
and Pint, 1999)

Very few water demand studies have attempted to accountfor both problems of
endogaety (e.qg., see Arbues and Barberan, 2004 and Pint, 1999) We have doneso
here throughthe use of a Fixed Effects-Ingrumental Variables (FE-1V) technique The
fixed effects component takes full advantage of the pand nature of our dataset and
provides the preferred solutionto theunob®rved effects problem. Fixed effects modds
estimate household demand for water in each period as deviationsfrom the houshold®
average use over the period of record. This approach effectively Gaverages-outOtime-
invariant unob®rved effects such as those described above, allowing theresearcher to
obtain unbiased parameter estimates for the remaining variables. Thus we can recover

parameter estimates for those variables which changeove time, ! °, by comparing

individud housholdswith themselves ove time. Thedownsdeistha we are unable to
obtain parameter estimates for any variables tha remain condant acrosstime, even if

they vary across housholds As aresult, our demographic terms drop out of theandysis

and we are unable to estimate the parameters for these variables (i.e. the ¢°).

The solution to the simultaneouschoice of price and consumption quantity problem is
less obvious however, we follow a common practice of utilizing atwo-stage least
squaes technique ingrumenting in our case for bath the price and price-restriction
interactionterm. (For a more detailed discussion of this approach, see Wooldridge
2002)

CoMPARISON OF WATER USE BETWEEN GROUPS AND ACROSS TIME PERIODS
As pat of our effortsto generate findingsthat can be ussful to managersin thedesign
and implementation of demand management programs, and to take full advantage of the
richness of the daaset, the study team chose to expand our andysis of water demandin
two additiond ways. Thefirst compares housholdswith respect to ther relative levels

of water consumption; the second compares consumption during the pre-droughtand
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droughtperiods Our rationde for doingso islargely evident in Figure 2, which plots

system-wide residential water demand over the study period.

Figure 2: Average Consumption per Billing Period by User Typeand Drought Condition
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Thedata presented in Figure 2 is organized in two ways which we find highly
illuminating. First, we divided our popuktioninto three groupsbased on each
household® average summer consumption between 1997and 1999 a period that
expeienced relatively noma summer weather conditions Householdswhos average
summer use was in the bottom 25 percent of all householdsare classified as Q.owO
volume ugers, while thoe in the highest 25 percent comprise (HighOvolume users; the
rest of thehousholdsare designated as MedO(median). This was doneso tha we could
investigate how theinfluence of price, restrictions and price-restriction interactions
varied among each of thethree groups It isimportant to note that the difference in water
use between each of these three groupsislargdy driven by thequantity of water used for

outdoor purposes; high-volume water users are large outdoorwater users.
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Select descriptive statistics assod ated with these three sub-groupsare presented in Table
2.
Table2: Summary Statistics by Type of Household (Averages)

Household Type
Variable All Households Low Middle High

Factors Under Utility Contral

consum 10.25 4.90 9.34 14.80

cpilagap 2.20 2.19 2.20 2.22
Factors Outside of Utility Control

Economic-Demographic (block-level)

hhinc 54874 50,680 53,967 58,928

medage 34.77 33.66 34.33 36.35

pph 2.85 2.81 2.87 2.82

houseowned 0.79 0.75 0.78 0.81

newhome 0.02 0.01 0.02 0.03

oldhome 0.32 0.36 0.34 0.22

numbedrooms 1.44 1.40 1.44 1.46

# of households 10143 1015 6594 2534

Second, we disaggregated our daainto pre-drought (2000:01-01 to 200204-30) and
drought(200205-01to 200504-30) periodsin order to test the changing influence of
price in these two periods (Other variables, such as restrictionsand rebates, are
impossible to andyze in thisway since they did nat exist in both time periods) In both
cases, these sub-sets of daa are andyzed usng thesame modd of demand and statistical

methodobgy as that of thefull popuation, and are supplemental to tha andysis.

RESULTSAND DISCUSSION

Thedemand modd used in thisandysis peformswell, as evidenced by thefact tha all
but onecoefficient exhibits the expected sign andis significant at 1%. Moreover, the
adjuged r-squaed value of 0.40is on thehigh end of therange presented in past studies
tha have utilized houshold level daa (e.g., Pint, 1999;Renwick and Archibad, 1998;
and Hewitt and Hanemann, 1995) Theresults of the data andysis are presented bdow in
Tables 3, 4 and 5, which disaggregate between those factors that are (Tables 3 and 4) and
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are not (Table 5) unde the control of the utility and thussubject to management

intervention.

ITEMSUNDER UTILITY CONTROL

Table 3 provides results (induding coefficient estimates, z-test statistics, and significance
levels for Equaion 1 utilizingthe FE-IV techniqué for those items unde utility control,

namely price, restrictions rate structures, and rebates.

Table 3: Resultsfor Utility Controlled Variables

Dependent Variable: In(consum)

All Households By Type of Household Before versus During Drought
Low Middle High Before During
Factors Under Utility Control
In(cpilagap) -059519119 -0.3426244 -0.5746059 -0.7477833 -0.561518 -1.1093415
(156.57)*** (28.68)*** (126.99)*** (98.84)*** (12.22)*** (96.10)***
; . 0.22572107 -0.1147691 0.187534 0.5099146 NA 0.84846175
In(cpil *redrict
ncpilogep) (34.54)*** (6.03)*** (24.56)*** (36.64)*** (62.31)***
estrict -0.30772378 0.0284298 -0.2751293 -0.569635 NA -0.84767784
r ! (ag Kkk (184)* (44.45)*** (49.7)*** (_67.25)***
-0.05026938 -0.0111135 -0.0448808 -0.0836101 NA -0.09088153
blockrate
(3L22)*** (222)** (2355)*** (25.64)*** (49.39)***
In(blpr ) 0.61084175 0.5803805 0.6153093 0.6080876 05708524 0.76134618
(114.8)*** (34.69)*** (97.38)*** (57.02)*** (95.09)*** (73.26)***
outdoorrebate 0.00609191 -0.0484932 0.0157052 0.0303734 NA -0.11078134
(0.69) 127 (143 (2.08)*** (7.26)***
i rebate -0.09935689 -0.1608252 -0.0975903 -0.0738058 NA -0.14417484
(15.54)*** (5.7)*** (12.54)*** (6.$)*** (15.93)***
0.16113807 0.1726256 0.1504802 0.1285153 NA -0.24989903
ws
(9% kK (2%)*** (682 *kk (4.7)*** (461 kK
Nurrber of Observations 679134 68059 441833 169242 274671 364237
Nurrber of Households 10143 1015 6594 2534 10143 10143
Overall R-squared 40 0.18 045 059 042 0.36

Absolute value of z datigicsin parentheses * sgnificant at 10%; ** dgnificant at 5%; *** dgnificant at 1%

Table 4 provides asummary of these findingsas they relate to theinfluence of price and

restrictionson water demand

Table4: Effectiveness of Priceand Restrictionsby Type of User

Price Eladticity % Changein Demand Dueto

Price Elagticity During Redtrictions Redtrictions Only*
All -0.60 -0.37 -12.12%
Low Users -0.34 -0.46 -6.49%
Middle Users -057 -0.39 -12.11%
High Users -0.75 -0.24 -13.82%

* Assuming average prices during periods with restrictions.

19




Draft as Subnitted to the Journal of the American Water Resources Assodation

INFLUENCE OF PRICE

Unde the assumed log-log relationship between consumption and price presented in

Equaion 1, the coefficient onprice, ! |, provides adirect estimate of price elasticity of

demand when restrictionsare notin place. Congstent with prior research we find price
elagticity of demand to be significant and indastic (-0.60) throughouttheyear. Tha is,
given a 10 percentincrease in price, demand can be expected to decrease by 6 percent.
Thisresult iswell within therangeof past estimates. e.g., in 15 studies reviewed by
Brooksire et al. (2002, price elaticity ranged from -0.11to -1.588 (average of -0.49),
while Espey et al.3 (1997)review of 24 studies found 75% of price elasticity estimates
fell between -0.02 and-0.75. Note tha while our estimates reflect the high demands
assodated with the summer irrigation season, they represent a Gyear-roundCestimate of
price elasticity. This estimate likely would have been highe had we confined our focusto

theirrigation season.

Theandysis by type of user confirms the hypahesis tha price elasticities vary
congderably amonguser groups(perhaps explaining some of therangein price elasticity
estimates in previousstudies), with high water users generally more respongve to price
(elasticity of -0.75) than low water users (-0.34). This observation can beimportant for
planning purposes in many ways, such asin estimating how existing user popuktionsare
likely to respondto price interventions and also in assessing how long-term changesin
demographics and housngland-use may alter opportunities for price-based demand
management (see Martinez-Espindra, 2002; and Goemans 2006)

Also having significant management implicationsis the comparison of pre-drough price
elagticities (-0.56) to those during drought(-1.11). We are unable to condusvely
determinewhy cugomers were more than twice as sendtive to price during droughtthan
before, buttwo possible explanaionsare worth consdering. First, these differencesin
elasticity may derive, at least in pat, from thewealth of media coverage and publc
education programs tha accompany drought(Monaur, 1987;and Nieswiadony, 1992).
Second, these differences mightindicate tha the price elagticity of demandis highly non
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linear outside of the rangeof prices experienced prior to drought(Pint, 1999. Asnoted
earlier, themagnitudeof price increases observed over the study period was significant,
with the price per thousnd gdlonsfor water purchased in the highest block inareasing by
more than 7 dollars during thedrought These are very different explanaionssuggesting
very different demand management approaches; thus this result is a subject worthy of
further research. Onekey element of that research agendais presented in thefollowing
section, and concernstheinteraction of pricing pdicies with droughtingpired water

restrictions

RESTRICTIONS AND PRICE-RESTRICTIONS INTERACTIONS

Thecodficienton restrict, / ;, provides an estimate of the percentage changein demand,

absent theinfluence of price, assodated with imposing restrictions  In other words it
identifies how effective restrictionswould beif the price of water were zero, which is
shown in Table 3 as-0.31 (31% redudion). Whilethis conceptudizationis certainly
unreaistic, it istheoretically useful when you consder tha as the price of water increases
from zero, the effectiveness of restrictionswill bereduced as more and more users will
find price, rather than restrictions to bethe more significant controlling factor onthear
water-usng behavior. It isimpractical, therefore, to think aboutthe effectiveness of
restrictionswithoutexplicitly congdering ther relationship to price, which we have
primarily doneherein with the price-restrictionsinteraction term (discussed bd ow).
Nonedhdess, it isworth nating that if we use the average price conditionsobserved when
restrictionswere in place in our modd of water demand, thewater savingstha can be
attributed solely to restrictionswould be estimated at roughly 12% (which is generaly
congstent with other studies consdering therelatively moderate restrictionsutilized in
Aurora). We cautionagaing applying thisresult in other settings as the effectiveness of
restrictionsis closaly linked to case-specific factors induding price, the distribution of
cugomer types (also discussed bdow), weathe conditions and cugomer familiarity with

(and suppot for) therestrictions
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Rather than condgdering how prices influence the effectiveness of restrictions it is
perhaps more useful to congder the problem in reverse: How does the adopion of
restrictionsmodify theinfluence of price on demand (as measured by changesin price
elagticity)? Congstent with econorric theory, theinteractionsterm in our modd of water
demand s postive and significant (+0.23), meaning tha as restrictionsare implemented,
conaumers are less responsveto price. Agan, theexplanaionisclear: for any given
cugomer, either price or restrictions(but not both) will be controlling, depending on
which provides thelowest (i.e., first-encountered) threshold. Summingthe price
elagticity (-0.60) with theinteractionsterm (+0.23) yields an effective price elasticity of

demand during restrictionsperiodsof -0.37.

Thepolicy ramificationsof this observation are paticularly evident by looking at the
results of each user group, which show the adjugted price elasticity during restrictionsto
rangefrom-0.24 for highusersto -0.46 for low usrs. Managerswishingto reigninthe
high users during drought therefore, may bewise to focusonrestrictions whereas low
water users are perhgps better targeted (if at all) with price modificationsN athoughthese
users, by definition, have less oppotunity to reduce consumption than others, and these
price increases may therefore be more punitive than pragmeatic. Inany case, itis
important to appreciate that the theoretical savingsfrom pricing policies and drought
restrictionsare not additive, theimpact of each policy can vary significantly anonguser
groups and the choice of policy has ramificationstha go beyondwater savingsto
indudeissues of equity and revenuegeneation. Similarly, it isimportant to note that
price elasticities amongthe three groupsgo in opposte directionsdepending on whether
droughtingpired restrictionsare in place, suggesting that the appropriate tod for drought
management is not necessarily the appropriate tool for longterm (baseline) water
congrvation. Stated differently, if thegod of demand management isto control the high
users, pricing policies may providethe best longterm option whereas restrictionsmay

providethe mog logical droughtcoping strategy.
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RATE STRUCTURES
Also of note istha the codficient on blockrate is significant and negative (-0.05),
indicating tha when faced with an increasing blodk rate pricing structure, housholds
conaumed 5 percent less than they would have under a uniform rate pricing structure.
Thisis congstent with previousresearch (Olmstead et al., 2003) and suppots the
common argument that, in addition to price levels, rate structures themselves can be
valuable in promoting conervation (e.g., see Western Resource Advocates, 2003. One
argument for why this might bethe case is tha althoughhousholdsdo not often have
detailed knowedgeof therate structure, they are generaly aware tha excessive
consumption will result in excess cods. This awareness causes them to consume lessin

an attempt to limit this possibility.

REBATES AND WATER SMART READERS

Indoorand outdoorrebate programs and the use of Water Smart Readers (WSR) are
admittedly a diverse category, butare groupel together for discussion since ther datasets
sharetwo similar limitations First, participating individuds self-sel ected themselves for
the patticular programs; thus while we can track how participation influenced water
demand amongthese individuds, it is problematic to assume tha asimilar response
would occur amongall members of the population. Second,while theindoorrebae
programs (e.g., toilet rebaes) are designed to cover retrofitting activities, theoutdoor
programs covering theingallation of more efficient sprinkler technologies likely cover a
mix of both retrofits and new congruction, perhaps induding significant system
expandons Since we have no data on these other activities, assessing the effectiveness
of theoutdoa rebae programsis difficult. Infact, the coefficient calculated for the
outdoorprograms, ! , is statistically inggnificant (and sightly postive), and thusis not

discussed further in ourandysis.

The codficient calculated for theindoa rebae programs, ! ., is significant, large, and

shows the expected negaive sign (-0.10), suggesting that, all else congant, participation
in theindoa rebate program reduces houshold demand by approximately 10 percent.
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Thisfindingis nearly identical in magnitudeto those reported in other investigaions
paticularly Renwick and Green (2000)and Renwick and Archibdd (1998) and provides
further empirical judificationfor usngindoa rebae programs as a demand management

tool.

Thecalculated coefficient for the Water Smart Reader, wsr, is aso highly significant
(+0.16), althoughthe postive sign of theresult wasinitially confusng. Conventiond
wisdomisthat providing cugomers with real -time information aboutwater use increases
thar ability to track consumption and charges, and thusshould hdp convey the deterrent
effect on excessive use provided by theincreasing block rate structure. Why, then, did
thewater consumption of our popuktion of WSR cugomersincrease by 16 percent? The
answer, we bdieve, liesin theobservation tha althoughtotal use went up amongthis
group, thefrequency with which these users entered into themog punitive pricingtier
(thethird block) diminished. It appearstha prior to obtaining a WSR, users fearful of
entering the third block would err onthe side of caution by conauming less than they
would have otherwise preferred, but when armed with the ability to track consumption,
these same users skillfully budgeed consumption to take full advantage of thelower
priced blocks. Theresult is more extensve use of water in blocks 1 and 2 (and thus
highe ne conaumption), andless consumptionin block 3. This observation should be
heartening to water manage's, asit suggests tha informed consumers will adjug thar
behavior in accordance with thewater budyet provided by the utility, adjusing use to
fully utilize their appottionment in thelow priced blodks (or tiers) tha presumably reflect

some notion of reasonableness while avoiding those blodks assodated with excessive use.

ITEMSOUTSIDE OF UTILITY CONTROL

Table 5 provides results for those influences on water demand tha are beyondthe control

of water managers, namely the seasondity of water demand and weather.
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Table5: Resultsfor Variables Outside Utility Control

Dependent Variable: In(consum)

All Households By Type of Household Before versus During Drought
Factors Outside of Utility Low Midde High Before During
Control
N 0.29645128 0.149236 0.2862035 0.3816611 0.3275267 0.29895537
irrigetion (13319 (2119 (10802)** (86.33** (88.03)*+* (102.22)=*
halicay 0.07216206 0.0804212 0.0756672 0.0619851 0.0806161 0.05776631
(39.66)*** (13.96)*** (34.81)*** (17.33)*** (30.02)*** (24.22)***
v 0.02379213 0.0129444 0.0231364 0.0298093 0.0228464 0.0224271
(34139)*** (%Im*** (278.47)*** (216‘(:9)*** (223.35)*** (22.2)***
otprecip -0.03604065 -0.0263534 -0.0369438 -0.0374018 -0.0310616 -0.0461854
(67.07)*** (1534 kK (W% * Kk (%41 *kk (281 *kk (72.%)***
c -1.1802422 -1.1786411 -1.2039351 -1.1055564 -1.0218222 -1.1060183
(633D)*** (20.09)*** (54.33)*** (29.69)*** (30.02)*** (30.04)***

Absolute value of z datigicsin parentheses * sgnificant at 10%; ** sgnificant at 5%; *** dgnificant at 1%

SEASONALITY OF WATER DEMAND

Asisintuitively obvious demand for water is shown to be highly seasond and dependent
on climate and weather conditions Water us in theirrigaion season is fundamentally
and significantly highe than therest of theyear (as shown earlier in Figure 2), afact tha
makes demand management in summer a particular point of management emphasis. The
coeficient on irrigation issignificant and postive (+0.30), indicating thd, irrespective
of theinfluence of temperature and precipitation, houshold water use increases by 30
percent jug by virtue of bengin theirrigaion season. As expected, this effect is mos
pronoun@d among high-volume users (+0.38). Also as expected, the codficient on

holiday is significant and postive (+0.07). Althoughthis effect is clearly outsidethe

scopeof management, induding this factor in models of water demand is worthwhile in

improving theaccuracy of all estimated variables.

WEATHER
Also intuitive istheobservation tha, all else bengequd, demand for water increases as
temperatures rise, and decreases as precipitation increases. Specifically, the modd
predicts that for every onedegree Fahrenhdt increase in average daily maximum
temperature over the course of the billing period, water use increases about 2 percent.

Similarly, for every inch of precipitation, water use decreases by roughly 4 percent.
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Undeastanding this relationship awaits additiond research on houshold-level decision
making (particularly assodated with lawn watering) and thetypes of irrigation
technologies employed. (These questionsare central to the emerging Phase 2 of

research.)

Findingstha relate climate and weather conditionsto residential demand can be useful in
several facets of planning and management, especialy in light of research suggesting that
climate changewill likely mean fundanental changes in averagetemperatures (clearly
increasing), precipitation (perhgpslikely to goupin thisregion), and thefrequency of
extreme events such as droughs and floods(Wagne, 2003. Consdering climate change
issues is particularly chdlenging for water manager's along Colorado® Front Range
where water source and demand areas are often separated by great distances and
elevations But regardless of wha climatic changes are in store for Aurora and other
Front Rangecities, agrowing reliance on demand management to copewith extreme
conditionsand stresses (induding those assodated with popukbtion growth) only

undeascores the need to undestand all facets of residential water demand.

DEMOGRAPHIC CONSIDERATIONS
Table 5 does not provide any statistics regarding the influence of houshold and hous
characteristics (i.e., demographic consderationg on residentia water demand, a
consquence (as noted earlier) of our method of daa andysis tha relies on fixed effects.
Noneghdess, we would beremissif we did na reiterate that some literature already exists
to doaument these effects, and similarly, if wefailed to acknowledgetha our division of
cugomersinto three user groupssuggests tha high-volume water users tendto be
wealthier, older, andlive in newer and larger homes than other cusomers (see Table 2).
We bdieve tha abeter undestanding of demographic factors may beussful in designing
and targeting demand management programs and in projecting future demand paternsas

citiesageand evolve.
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CONCLUDING THOUGHTS

Overall, ourfindingsare congstent with theliterature in demondrating that residential
water demandislargdy afundion of price, theimpact of nonprice demand management
programs, weather and climate, and mogt likely, demographic characteristics of
hougholdsand thehomesthey occupy. Our unique contributionsderive from the depth
of thehoushold-level daaset, the presence of the extreme droughtevent in thestudy
period, thediversity of assodated management interventions and theuse of statistical
techniques tha minimized thelikelihoodof biased paameter estimates. Subgantively,
this study increases the knowledgeof residential demand in at least three salient ways:
first, by doaumenting the interaction between price and outdoorwater restrictions
second, by identifying important differences in how price and restrictionsinfluence
demand among different classes of cusgomers (i.e., low, middle and high volume water
users) and between pre-droughtand droughtperiods and third, in demongrating how
real-time information abou consumptive use (viathe Water Smart Reader) shgpes
cugomer behavior. At each point intheandysis, we have identified relevant

management implicationsof these findings

To the extent tha future water demand research is pursued with theaim of further
informing and empowering water managers to better predict and manipulate residential
water demand, investigators will need to make additiond progressilluminaingthe
interplay amongthemany factors now known to influence demand. This suggests a need
to better undestand water-use decision-making processes at the household level, which
in turn will necessitate the assembly of improved datasets. This seems particularly
important as water utilities (like Aurora Water) adoptdynamic, cusomer-specific water
budgés, with the compeing aims of managing water demand (and water revenues) in
both nomal and emergency settings al within aframework tha cusomers can readily
undestand and endorse as equitable. To simultaneoudy achieve these godsisa
formidable chdlenge andis deserving of thesame level of intellectud effort as has

traditiondly been devoted to undestanding and managing water supplies.
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