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Abstract. The increased availability of end use measurementfairly common. The uses and drawbacks of various types of
studies allows for mechanistic and detailed approaches to eshese models are detailed and then contrasted with the model
timating household water demand and conservation potendeveloped here.
tial. This study simulates water use in a single-family res- Some water utilities develop regression relations for total
idential neighborhood using end-water-use parameter probsingle-family residential water use based on historical trends
ability distributions generated from Monte Carlo sampling. for planning purposes (Sacramento Department of Utilities,
This model represents existing water use conditions in 201®011; San Jose Environmental Services Department, 2011).
and is calibrated to 2006—2011 metered data. A two-stag&uch models assume increasing levels of conservation in the
mixed integer optimization model is then developed to esti-future, but often give little indication of where this conser-
mate the least-cost combination of long- and short-term convation will come from. Estimating realistic conservation po-
servation actions for each household. This least-cost consetential for each end use under various drought, pricing, and
vation model provides an estimate of the upper bound of reademographic conditions requires an understanding of where
sonable conservation potential for varying pricing and rebatewater is currently being used in homes. Measurement-based
conditions. The models were adapted from previous work instudies now provide reliable data on water consumption for
Jordan and are applied to a neighborhood in San Ramon, Cakach end use (e.g. toilets, showers, irrigation) (Mayer and
ifornia in the eastern San Francisco Bay Area. The existingDeOreo, 1999), yet these studies can be costly.
conditions model produces seasonal use results very close Using end use data, some models estimate conservation
to the metered data. The least-cost conservation model sugpotential by assuming natural replacement rates of appli-
gests clothes washer rebates are among most cost-effectiaces with more efficient appliances and calculating the ex-
rebate programs for indoor uses. Retrofit of faucets and toipected amount of water saved (CALFED Bay Delta Program,
lets is also cost-effective and holds the highest potential for2006; Blokker et al., 2010; Gleick et al., 2003). These models
water savings from indoor uses. This mechanistic modelingoften assume average savings values for retrofitting devices
approach can improve understanding of water demand andnd apply them uniformly to the proportion of the population
estimate cost-effectiveness of water conservation programsexpected to adopt the devices. Such a modeling approach is
useful for long-term, large-scale predictions of conservation
potential, but does not allow for much heterogeneity of be-
havior or population characteristics.
1 Introduction Case studies for Europe, Africa, America and Australia
(Blokker et al., 2010; Gumbo et al., 2003; Kampragou et
Models predicting residential water use and conservation pog|. 2011: Sauri, 2003), highlight the use of modeling to

tential based on empirically estimated parameters, waterassess the effectiveness of water conservation programs.
consuming device turnover rates, and regression analysis are
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3958 R. Cahill et al.: Household water use and conservation models

Kampragou et al. (2011) summarize guiding principles of contrast to more inductive or empirical techniques for house-
water demand management strategies and programs, presehbld water demand analyses, this paper presents a more de-
ing case studies for Canada, the US, Europe and Asia thaductive (“causal”) household end-use model based on phys-
employ both market and non-market incentives. The effec-ical parameters affecting water use that vary by household.
tiveness of economically driven strategies seems to be linkedVe employ a Monte Carlo approach to include variability in
to the prevailing socioeconomic conditions (Kampragou ethousehold physical characteristics and behavior when esti-
al., 2011). Sauri (2003) presents a qualitative approach tenating distributions of household water use and conservation
water demand with historical information on water use andpotential. This modeling approach is applied to a neighbor-
urban development patterns that discusses the role of prichood in the East Bay Municipal Utility District (EBMUD)
ing, water sources augmentation, technology, and consumeservice area, California. The model extends a previously de-
outreach for the Metropolitan Region of Barcelona in Spain.veloped model that estimated household water use in Am-
Jacobs and Haarhoff (2004) present a model that predicts enghan, Jordan (Rosenberg et al., 2007). Rosenberg’s model
uses by household, using detailed physical and behavioradccurately reflected actual water use patterns in Jordan, but
parameters affecting demand. such an approach has not been attempted in the US, where
Some models rely heavily on large amounts of dataurban water utilities often offer water conservation rebates to
to model end use and conservation potential. Blokker ettheir customers.
al. (2010) present a simulation model for water demand After an overview of the modeling approach, a short sum-
patterns in a region of the Netherlands using a very smalimary of the case study area (San Ramon, California) is pre-
timescale at the residential level. This method is presentedented. Then, (1) existing conditions use, and (2) least-cost
as an alternative to metering, using data management prezonservation models are described in detail. Third, calibra-
grams that have proved to be useful in other areas (Gumbtion and modeling results are presented and discussed, with
et al., 2003). The end-use model developed by Blokker estia cost-effective assessment of different short- and long-term
mates water demand based on parameters affecting water usenservation actions. Finally, the inherent limitations and de-
(e.g. frequency of hand washing). Compared to householdgirable extensions of this modeling approach are discussed.
metered data, the model had good fit overall. The end-use
model includes pulse intensity, time of use, and duration for
each end-use type, user, and busy time per end use. However, Modeling overview
this model does not include outdoor uses (which are small in
the Netherlands) and, whereas aggregate demand is close The framework developed for this study can be thought of
the measured data, the approach relies on high quality applias two interrelated models: (1) “existing conditions” and (2)
ance information and behavioral data, which is more suitable‘least-cost conservation” (Fig. 1). The “existing conditions”
for regions with homogeneous demographics (Sauri, 2003).component simulates water demand by end use for a neigh-
Still other household use models attempt to calculate theborhood, and can be calibrated to metered data. The param-
water used for each end use of individual homes using reeterized demand equations from the “existing conditions”
gression analysis (DeOreo et al., 2011). These models buildomponent are later employed by the “least-cost conserva-
heavily on end use measurement data paired with survey retion” model to estimate the cost minimizing short- and long-
sponses, and find statistically significant parameters affectterm water saving actions for each household. To make the
ing each end use of water. Empirical equations are then dedistinction between each model clearer, Table 1 presents a list
veloped to predict each end use as a function of these sigof possible outputs desired by utilities along with the model
nificant parameters. The strength of the regression analysigat can provide the output. The listin Table 1 is not compre-
results for estimating water demand of individual homes ishensive, but it shows capabilities of each model.
often low, with coefficients of determinatiomRf) typically
around 0.4 (DeOreo, 2011). Such models perform reason2.1 “Existing conditions” water use model
ably for estimating current average water use for groups of
households, and are useful in estimating the effectiveness ofhe existing conditions model estimates household water
and potential for water conservation measures under differuse by end use using uncertain physical parameters, cal-
ent scenarios. Water pricing or more complex rationing con-ibrated to metered data. This model is analogous to the
ditions are usually absent from these models. However, litermodels developed by Blokker et al. (2010) and Jacobs and
ature on household water demand often concludes that pricelaarhoff (2004). In this model, conservation devices such
is an important factor affecting total water use (Dalhuisen etas low flow showerheads are present in their assumed mar-
al., 2003; Rosenberg, 2010). ket penetration rates, and the households make no behavioral
While regression-based (inductive) models are useful forchanges. This simulation approach allows evaluation of spe-
different purposes, a more mechanistic or deductive modeleific alternatives’ effect on total water use (e.g. What would
ing approach can now be undertaken with the large amountthe water use be if all households installed warm-season
of data available from end use measurement studies. Inurf?). The basic process is as follows.

Hydrol. Earth Syst. Sci., 17, 39573967, 2013 www.hydrol-earth-syst-sci.net/17/3957/2013/



R. Cahill et al.: Household water use and conservation models 3959

Table 1. Example capabilities of existing conditions and least-cost
conservation models. Household, “What if” Policy Analysis
Appliance & scenarios Scenarios
Existing Least-Cost Outdoor Use,
Result desired by utility Conditions  Conservation Information U
Water use by end use in 2010 X @
Expected water use after price X %
increase of 10 % Existing
iee Least Cost
. . Conditions ¢
Savings after penetration of X Model Conservation
HET increases to 40 %
Cost-effectiveness of payment X
Metered Data
for less-grass area (Cash for grass) @ @
Budget for showerhead X
replacement rebate program Simulated Water ) )
. Demand and Policy Analysis
Water consumption of proposed X Parameters Results
new subdivision
Outdoor water consumption X
with climate change Fig. 1. Modeling framework for economic analysis of water conser-
. - vation.
Water use with water rationing X
policy
actually predict what real homeowners will do. The model
assumes cost-minimizing, rational behavior of all homeown-
1. Develop parameter probability distributions. ers, assuming they have perfect knowledge of the probabil-
. w Y ities of future shortages and corresponding price increases.
2. Sample distributions to create a “house”. 9 P g p
However, the model results do provide a likely upper bound
3. Calculate water use from sampled parameters. (from an economic perspective) of the conservation potential
for the neighborhood. The changes in household water use
4

. Repeat steps 2 and 3 for 500 households (Monte Carlqesulting from policy changes (e.g. differing rebate strate-
iterations). gies or pricing schemes) can be evaluated in the least-cost
conservation component. The least-cost component is a help-
ful complement to the existing conditions model: while the
22 “Least-cost conservation” model existing cqnditions model calcglates end uses, the Ieast—c_ost
conservation model shows which end uses households find
The least-cost conservation component incorporates housénost cost-effective to reduce. The basic process is as follows.
hold behavior into the existing conditions component. The
household use and sampled parameters for each Monte Carlo ™
“house” from the existing conditions model are used as
starting points (or initial conditions) for the least-cost con- 2 pefine event probabilities and corresponding water bill
servation model. In the least-cost model, each household increases.
has several available long-term and short-term conservation
actions. Long-term actions apply for all future conditions, 3. Define costs of actions.
while short-term actions apply to individual water shortage ] o ) ]
events. Each conservation action has an associated cost and 4- Define and solve the optimization equations using
effectiveness in reducing water use dependent on the sam-  Mixed integer linear programming.
pled parameters of the house (e.g. a house With a Iarger nunEteps 1-4 are performed separately for each of the house-
ber of occupants that chooses to replace toilets will save,
more water). For each household, a combination of these
long-term and short-term conservation decisions exists that
will minimize cost; the least-cost conservation model finds
this mix of actions. This two-stage (long-term and short-3 Metered data
term) optimization approach has been used by Lund (1995)
and Garcia-Alcubilla and Lund (2006). As a stochastic opti- EBMUD provided metered data for 151 households from
mization model with recourse decisions, the model may not2006-2011 in a neighborhood in San Ramon, CA, which

5. Calibrate results to metered data.

Define conservation actions and effectivenesses (how
much water is saved).

olds previously generated in the existing conditions model.
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were employed to calibrate the model. San Ramon is east aéstimate the water demand by end use. For example, water
the Oakland Hills, where there is less precipitation, warmerused for laundry can be estimated using Eq. (1):
temperatures, and more sunny days than areas west of the ]

hills. Therefore, the metered homes should have more outy, _ <I|ters) ( cycles r> (person;f) [1week}
door water use than the average EBMUD household. Fur- cycle/ \ week: perso house/ | 7days]’
thermore, the houses are in an affluent neighborhood near a . L

golf course, where the median selling price of homes was ap- Each factor in the equ_atlon is randomly Sa”?p'ed for each
proximately $900 000 as of 2011 (Zillow, 2011). The “stan- household (except physical constants). Equations have been

» - . developed for each end use, and the full list of relations can
dard new homes” end use study (DeOreo, 2011) is particu . : '
larly applicable to this neighborhood for obtaining parame- be tfound n Cahl'" (lz(glj)' Ftﬁr e?hCh I\e/lnd tus?:arlld Ihouse??d,
ter distributions on appliances and water use, because botff2te" use 1S calculated within the ionte t.ario 1oop. 1he

the homes in the neighborhood and in the study were builtmOdGI.used two seasons (wet winter and d_ry su.mmer) to fur-
around 2000. ther disaggregate the water use, as precipitation and evap-

otranspiration values are quite different in the dry and wet
seasons and affect outdoor use (CIMIS, 2011).

1)

4 Existing conditions water use model . .
9 4.4 Calibration to metered data

The basic modeling process for the existing conditions mode
is described in Sect. 2.1; now, the details of the model ar
presented.

LI'he results from the existing conditions model are compared
S0 metered data to ensure that reasonable ranges of results
are being produced. Only one parameter was set to match the
metered data — the percent of landscaped area that is lawn.
It was set to a value of 65 %, which is close to the average

Many parameters affect household water use (e.g. type of toil@Wn proportion of landscape in the study area (EBMUD,
lets, household size, lot size, etc.). Instead of assuming a?002) This calibration was done manually by trial and er-
erage numbers for each parameter, probability distributiond©r: although a more sophisticated approach could have been
are used to capture variability in water use parameters. In thé&ken to match the data more closely. This paper focuses on
model, 69 parameters are used to define the water use of eafl§W modeling methods, rather than rigorous calibration, so
house. The distributions of these parameters were taken frorft Simple calibration scheme is sufficient for the purposes of
end use studies mentioned earlier or other literature, whefhis paper.

available; otherwise, engineering estimates were used. A full Goodness of fit of the existing conditions model to the
list of the parameters and their distributions is presented ifnetered data was formally tested using the Kolmogorov—

4.1 Parameter probability distributions

Cahill (2011). Smirnov 2 variable test (Smirnov, 1948), resulting irpa
value of 0.36, which fails to reject the null hypothesis that
4.2 Distribution sampling modeled results and metered data have the same underlying

distribution. This is also illustrated in Fig. 2.
After the distributions have been developed, each Monte A summary of the modeled results for each end use is com-
Carlo iteration randomly samples these distributions in-pared to the findings from other end use studies in Fig. 3.
dependently to create a modeled “house”. Each sampledhe existing conditions simulated water use fits well with
“house” does not line up with a physical house, but the wholethe standard new homes data set with the exception of out-
sample of houses should approximate the neighborhood’sloor water use in winter. This is not surprising, since these
water use. Covariance between parameters was not includadetered houses are located near a golf course with a drier
in the sampling process, although such relations do existlimate than the standard new homes data set.
(DeOreo et al., 2011). Water use estimates could be unre-
alistic for some households due to this assumption of param-
eter independence. For example, shower length and showet
frequency may be inversely related, but the model does noﬁ_ . : .
’ he basic modeling process for the least-cost conservation
account for this, so there may be some households that take . : i :
. ; . component described in Sect. 2.1 and its relation to the ex-
long showers very often. This assumption of parameter inde-

. isting conditions component is given in Fig. 1. The details of
pendence could be removed as a future improvement to th|§n . e :
model. e model inputs and the optimization formulation are pre-

sented below.

“Least-cost conservation” model

4.3 Calculation of water use from parameters

After the parameters have been randomly sampled for a
household, relations between the parameters are used to
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Fig. 3. Average annual modeled end uses of water compared to end
Fig. 2. Calibration of existing conditions modeled use to metered use studies.
seasonal use.

_ a household may use as much water as desired during a short-
5.1 Model inputs age event, but the price paid for water use will be higher.

5.1.1 Conservation actions and effectiveness 51.3 Costs

A list of the short-term and long-term conservation actions|p any optimization model, the costs (penalties) of actions are
and the end use available to households appears in Table ghe main driver of the results. Three components comprise
Short-term actions may or may not be activated during eachne total cost to a household: the water bill, the cost of long-

event, while long-term actions apply to all events. Both short-term actions, and the cost of short-term actions. Costs are
term and long-term actions are expected to decrease watefymmarized in Cahill (2011).

use. The water rates used in this model (typically
Each conservation action saves a given amount of wate(ysp 0.0021=1: hereafter USD indicated as $) were
(effectiveness), depending on the initial state of the housepased on the 2010 increasing block rate schedule, and
hold. For example, the relationship estimating the amount ofinclude both water and wastewater charges, more accurately
water saved on a daily basis by installing a water-conservingeflecting the total cost to the homeowner (EBMUD, 2010).

laundry machine is shown in Eq. (2) below: Various surcharges can be incurred by households during
liters liters drought events and are included in the model (EBMUD,
Os=(|— — | ——Efficient 2011)
cycle cycle :
(__cycles (person3 Iweek] (2) 5.1.4 Long-term actions
week- perso house/ [ 7days

From Eq. (2), households that already have a water ofAll long-term conservation actions include installing some
ficient laundry machine will have an effectiveness value of SOt Of new water-saving fixture (as opposed to behavioral
zero for Qs. Since each house in the Monte Carlo iterations "@nge)- Since the devices have a limited lifespan, design

has a different value for each randomly sampled parameter if{V€S Were used to annualize the costs, assuming a discount
the Eq. (2), the amount of water saved by replacing a laundryf&t€ Of 6

%. Since each device in the house is modeled, the
machine will vary by household. The full set of equations canumber of devices needing replacement is considered in the

be found in Cahill (2011). cost. For example, a house may have 3 toilets, one of which is
high efficiency toilet (HET), one of which is ultra low flush
5.1.2 Water shortage event descriptions toilet (ULFT), and one of which is “standard”. The model

recognizes that 2 toilets must be replaced if all toilets are to
Six different water shortage events are considered in thdbecome HET, and adjusts the cost accordingly. Alternatively,
least-cost model — three events in the winter and the sameach toilet could be considered as a separate decision vari-
three corresponding events in the summer to account for seable.
sonality in water supply. These events were based on the The costs in the model reflect both capital and installation
EBMUD water shortage contingency plan and are presentedosts. Not all homeowners are assumed to be equally capa-
in Table 3 (EBMUD, 2011). ble of installing devices, so only a proportion of households
In this study, water shortage events are characterized byere assumed able to independently install each type of de-
the price paid for water by the homeowners. In other words,vice. Each house was assigned a random “handiness factor”
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Table 2. Actions available to households in the least-cost conservation model.

End Use Affected  Long-term Actions Short-term Actions

Shower Retrofit showerheads Reduce shower length
Reduce shower-taking frequency

Toilet Retrofit all standard toilets with HETs Flush only when necessary
Retrofit all standard toilets with ULFTs
Retrofit all ULFTs with HETs

Faucet Retrofit bathroom faucets Turn off faucets while washing
Laundry Install conserving laundry machine Reduce laundry-washing frequency
Leaks Find and fix leaks

Lawn Install xeriscape Stress irrigate

Install warm-season turf
Install smart irrigation controller

Garden/Landscape Install xeriscape Stress irrigate
Install drip irrigation system
Install smart irrigation controller

Car Wash Wash car with buckets
Wash car at gas station

Pool Stop filling swimming pool

between 0 and 1; if the household’s handiness factor exceed#&/hen hassle costs are included, the conservation actions are
the cutoff proportion for a given action, the household mustassumed to take a given amount of time, which can then be
use professional installation. Households with handiness factranslated into a dollar amount based on the value of time to
tors below the cutoff have the option of installing the device a particular household (Narasimhan, 1984). To introduce un-
themselves or having it professionally installed, whichevercertainty, the annual household income was converted to an
has the lower cost. Some tasks such as changing out showeneurly amount and used as the value of time for a household.
heads can be done by most people, while more difficult tasksSSuch an approach reflects a higher opportunity cost of time
like installing xeriscapes have more restrictive handiness cutfor higher-income earners, a common assumption in eco-

offs. nomics literature (Anderson and Song, 2004; Narasimhan,
1984). These assumed hassle costs produce more realistic be-
5.1.5 Short-term actions havior than assuming no hassle costs.

The financial costs of nearly all short-term actions are zero5.2 Least-cost conservation model formulation

as they are behavioral changes rather than retrofits. There is

no concept of a “handiness” factor for the short-term actions A two-stage mixed-integer linear program was used to for-

as it is assumed that everyone can carry out these actiongiulate the optimization problem. The first stage consists of

If hassle costs are omitted, nearly all short-term actions ardong-term actions and costs, and the second stage includes

implemented in every event because they save water and cog€tions and costs for each short-term shortage event. For a

nothing to the household. complete description of all inputs to the optimization model
Hassle costs are additions to financial costs that reflecéee Cahill (2011).

inconvenience costs to households beyond purely financial

costs of conservation actions. Often, households do not re2-

duce consumption due to the hassle costs of conservatioxilhe decision variables are listed below

(Dolinicar and Hurlimann, 2010). Unfortunately, little has ’

been written on estimating hassle costs of conservation activ- _ g : short-term actions, a binary variable defined over

ities. Contingent valuation studies are the preferred method the sets of short-term actions (third column in Ta-

of estimating hassle costs, but such studies do not exist for ble 2), and for the setof all six water shortage events.

the water conservation activities considered in the model. In

the absence of contingent valuation studies, economic liter-

ature relating to opportunity costs is the most appropriate.

2.1 Decision variables

Hydrol. Earth Syst. Sci., 17, 39573967, 2013 www.hydrol-earth-syst-sci.net/17/3957/2013/
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Table 3. Description of water shortage events.

Penalty for

Volumetric  Freeport Ration exceeding
use price source amount (% rationed
increase surcharge reductionin  amount

Event Description Probability (%) (14% increase) original use) ($/2.88m

Summer

1 Regular delivery 035 0% no 0% $0

2 Shortage 0.1 10% no 20% $2

3 Severe Shortage 0.05 10% yes 30% $2

Winter

1 Regular delivery 035 0% no 0% $0

2 Shortage 0.1 10% no 20% $2

3 Severe Shortage 0.05 10% yes 30% $2

— L;: long-term actions, a binary variable defined over 5.2.3 Constraints
the set of long-term actions (second column in in Ta-

ble 2). A summary of the constraints to the model is given below

(non-negativity applies for all decision variables):
B.: water bill ($/billing period) for each water shortage
evente.

1. Maximum effectivenesthe water saved cannot exceed
the initial water use (inequality 4) or the sum of the

— U,: water use (liters/day) for each water shortage event water conserved in each end use category (inequality

e. 5).
- E,.:end use saved (liters/day) for each end wsed We < O,, Ve, (4)
each water shortage event
— W,: water saved (liters/day), for each water shortage We<D Eue Ve, ®)
u

evente.

where: O, is the original water use of the household
in a water shortage eveat(this input comes from the
results of the existing conditions component).

Decision variables for the water bill, water use, etc., are not
really “decisions” that the household has direct control over,
but they are defined as decision variables to incorporate com-
plexities, such as piecewise-linear representation of water 2. Conserved water uséhe final water use is the origi-
bills and interactions between conservation actions. nal water use minus the amount of water saved from
conservation actions (inequality 6):
5.2.2 Objective function
Ue> 0, —W,, Ve. (6)
The objective function (Eq. 3) is to minimize the total ex-
pected economic cost of all water conservation decisions, in- 3. Discrete choicesno conservation action can be par-
cluding permanent conservatidn, short-term conservation tially implemented (Egs. 7, 8):
decisions for each shortage evépt, and the household wa-
ter bill for each shortage event:

MinimizeZ = ZC]L[ —|—jZ |:pe (i Z (csSs.e) + Be>}, 3)
! e

N

Ss’e:OOrl, VS,e, (7)

L;=0o0r1 VI (8)

4. Mutually exclusive actionssome actions cannot be

where: ¢; represents the annualized long-term action costs . - . ..
 fep g implemented simultaneously (inequalities 9 and 10):

($/year);c, represents the short-term action costs ($/day);
is probability of event; i is the number of events per billing

period (60 days/billing period) ang is the number billing
periods per year (6 billing periods/year).

www.hydrol-earth-syst-sci.net/17/3957/2013/
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6 Results

Results from “base condition” runs are presented for the
study neighborhood in San Ramon, followed by the results
where: LX ;2 equals 0 or 1 for each possible combi- of changing indoor device rebates.

nation of long-term actions and 9&is same as sét

A value of 1 corresponds to mutually exclusive actions
(e.g. washing car with buckets or washing car at car
wash). Likewise, S ; contains all possible combi-
nations of short-term actions with 1 for mutually ex- The results from base condition runs are a benchmark for all
clusive long-term actions and s&tis an alias for set. alternative runs, showing the reasonable conservation poten-

. ) . . tial beyond the existing conditions model. These runs do not
5. Mutually dependent actionsome actions (inequali-

. - : £ oth have rebates for any conservation actions, and water prices
:E!es 11 and 12) depend on implementation of other ac-50 4t 2010 levels. Two separate base condition runs were
ions.

computed — one with financial costs only and one includ-
ZLIZLRI 2=0, Vi (11)  ing hassle costs. The average household use after adopting
12

ZSSZ,ESXSZ,S <1, Vs,e, (10)
s2

6.1 Base condition runs

least-cost conservation actions is 1820 L per household per

day (Lphd) (480 gallons per household per day, gphd) with
ZSSZ,eSXSZ,s <0, Vs,e, (12)  financial costs only and 1930 Lphd (510 gphd) with hassle
52 costs, while the average household use under the existing

where: LR,ZZ equa|s 0 or 1 for each possib|e combi- conditions model was 2040 Lphd (540 gphd) This reduction
nation of |0ng_term actions (Same as inequa"ty 9) A of 12 % with financial costs Only (6% with hassle COStS)

value of O Corresponds to mutua”y dependent actiongmeans it would be unrealistic to achieve conservation beyond
(e.g. “install smartirrigation controller” applies to both this amount under current water price rate structures and no

the lawn and garden end uses). Likewise,SXcon- ~ rebates, as more conservation would not be cost-effective
tains all possible combinations of short-term actions for the neighborhood and each home individually. Figure 4
(same as inequality 10) with O for mutually requiring Shows water use after least-cost conservation compared to
short-term actions existing conditions. Many high water users reduce consump-
tion by large amounts, while the low water users can save

6. Increasing block water biltsunit water price increases |egs.
with increasing use (inequality 13). All future results are extracted from runs with hassle costs,
B,>F+iVil,. Ve. (13) as the_se runs are expected to be more realistic. The mpdeled

adoption rates and ranges of effectiveness of conservation ac-
where:F is the flat water fee for billing period anig,  tions for the base conditions are shown in Fig. 5.
the variable water fee for usage block For permanent conservation actions, installing smatrt irri-
o ) ] gation controllers has a 45 % adoption rate. The relatively

7. Rationing penaltiessurcharges apply if a household |y implementation rates of most other outdoor conserva-
exceeds their rationed water use (inequality 14). tion activities indicate that these conservation actions are not
B, > F+i(ViRo+ (Po+V1)(U, —R.)), Ve, (14) _cost-effective for most households, but the housgholds that

implement them save large amounts of water. With current

where:R, is the rationed water amount for water short- water price structures, no household finds it worthwhile to

age event and P, the penalty for exceeding the ra- install a xeriscape or warm-season turf (not shown in Fig. 5).

tioned amount in water shortage event The indoor actions are implemented more often, but their
) o ) savings are usually less than outdoor conservation.

8. Interactions between actiongnequality 15 shows @ hg rjative frequency of adoption of short-term conser-
cap on effectiveness by end use is used to account fo,5ion actions by season and drought event appear in Fig. 6.
interactions between conservation actions (€.9. saving§he short-term actions are adopted with highest frequency
from reducing shower length and reducing shower fre-jng severe shortages in the summer, which is when adopt-
quency are not independent of each other). This conynq these actions saves the most water and money. However,

straint ensures that water savings still make physical js financially worthwhile for some homes to adopt short-

sense when multiple actions are implemented. term actions even when there is no shortage. Stress irrigation

E, . <EMAX,.. VuVe. (15) shows .th.e grea’gest sea;onal' variation, as the Wgter saved by
' ' stress irrigation in the winter is much lower than in the sum-

where: EMAX, . is the maximum limit of water sav- mer. These preliminary model results also indicate where ad-

ing for end user in evente ditional calibration and study seems desirable, such as for the
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Fig. 6. Modeled average market penetration for short-term conser-

Fig. 4. CDF of water use under existing conditions and least-costVation actions by season and drought event, base conditions with
conservation. hassle costs.

Water Savings (liters per household per day) 3 0.16 0.6 k
75 100 125 150 175 200

0 25 50 225 250
50%

- 0.5
45% Install smart irrigation controller

gphd

per $ invested per household)
ge Iphd

per $ invested per household)

Install water conserving laundry machine

40% 0.4

35%

§

0.3

30% Retrofit bathroom faucets
25% Retrofit showerheads E 0.2 |
R ] 0.04 Retrofit bathroom faucets
B Retrofit all toilets with HETs

rate (% of h

20%

o
Q
IN)
t.

15% Retrofit all ULFTs with HETs -
3 0 | Retrofit showerheads Retrofit all standard toilets with ULFTs 0 Qo
2 10% $0 $50 $100 $150 $200 $250
3 )
Retrofit all Install drip irigation system Install water-conserving laundry machine )
5% |standard toilets Rebate Amount ($/device)
with HETs " .
0% Retrofit all standard toilets with HETs
0 10 20 %0 40 &0 & 0 Fig. 7. Cost-effectiveness of rebate programs, average use reduction
Water g per per day)

per rebate dollar invested by the utility per household.
Fig. 5. Modeled market penetration and average water savings for
long-term conservation actions, base conditions run with hassle
costs (error bars are 10th and 90th percentiles). 6.3 Limitations of the model

While the least-cost conservation model has many capabili-

seemingly high percentage of households flushing only wher%'es' its limitations also are important.

necessary. 1. Rebate aspects of the model do not account for “free

riders”, people who intend to replace their devices any-
6.2 Indoor device rebates way and reap the benefit of a rebate without being
enticed by it (Sovocool, 2005). However, such house-
While the least-cost conservation model can be used in many holds can be identified by comparing results with and
ways, the effectiveness of indoor rebates will be focused on without rebates — the proportion of households that
here as an example application for utilities. The ratio of water conserve when there is a rebate of $0 are the free rid-
saved to total rebates disbursed indicates cost-effectiveness.  ers.
Rebate strategies with high ratios provide the highest water
savings per unit cost of conservation. Figure 7 shows thisre- 2. The model assumes that all households behave ratio-
lation for varying rebate levels. These results were generated nally to minimize the cost to themselves, which is not

by re-running the least-cost conservation model for each dis- always the case. Many decisions on conservation are
tinct rebate scenario — the scenario with a rebate of $0 is the not affected strongly by the actual savings gained or
“base condition” run. As nominal rebate levels increase, the the reduction in cost to the household (Komor and

cost-effectiveness decreases due to free riders (who would Wiggins, 1988). Calibration of hassle costs can help

have conserved even with a lower rebate). The plot suggests in this regard. Furthermore, a payback period measure

that rebates for efficient clothes washers are the most cost- would be a good addition to the model, as the life span

effective, saving the most water per rebate dollar invested. of some appliances may exceed the planned occupancy
period of some homeowners.
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