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ABSTRACT

This paper documents the experimental results and energy savings estimate from an end-use
and water metering study of a sample of 104 multi-family sites. These sites were treated with a
comprehensive Domestic Hot Water (DHW) retrofit consisting of flow efficient 2.0 GPM
showerheads, kitchen and bath aerators, tank thermostat setback to 130°F, and a tank wrap if
necessary. These measurements were modeled by a regression model with vanables for occupancy,
setback degree, and delta flow at the primary showerhead. The model was used with actual measure
installation records to extend the results of the study sample to the full participant population, in excess
of 25,000 participants. The mean savings for the whole participant population at actual observed
measure installation rates was 930 kWh per year per site.

Introduction

This analysis was designed to quantify the electricity and water savings resulting from a slate
of water heating, space heating, and lighting measures targeted at saving domestic hot water and
electricity in multi-family units. These savings were associated with a large utility program intended to
serve multi-family customers.

Since the program’s inception, 26,656 Oregon customers received conservation measures for
their electric water heaters. Water heating measures included water tank wraps, pipe insulation, low-
flow showerheads, and aerators. The thermostat settings were adjusted to 130° F, as necessary.

The measurement and verification approach was performed in two phases. In the first phase,
electric water heat consumption and water savings were estimated using detailed metering of a
representative sample of 104 multi-family home electric water heater tanks. Once data were retrieved
from the sites, a multivariate regression model for estimating savings and extrapolating the results to
the rest of the program was constructed.

The installed measures lowered water heating energy requirements through the following.

. Tank standby losses and fixed flow end-use loads were reduced by lowering water
storage temperature.

2 Tank standby losses were reduced by improving tank and pipe insulation.

* Water heating load was reduced by lowering showerhead flow rates.

. Water heating load was reduced by lowering the flow rates at kitchen and bath sink
outlets.

At the outset, it was not clear that this program would have per site savings large enough to
overcome the noise in water or electric billing data. Therefore, end-use metering on a representative
sample was identified as the preferred method. However, an objective of the analysis was to establish
water savings as well as electrical savings. This significantly complicates the metering task since, at
each site, there were several water outlets to be metered. As a simplification, we opted to meter the
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water heater tank throughput flow. In general, the end-use water flows were at a temperature ‘lower
than the tank set point because of cold water mixed in.at the point of use. Further comphcatmns arise
because the quantity of mixed cold water is dependent on the tank set point temperature, which was
changed between the pre- and post-measurement intervals. The water savings-portion of this estimate
reqmred careful tuning of the metering methodology to account for tank setpoint changes. - &

' The measurement and, verification, method . reported- hére is’ intended to provide direct
measurement of savings at a reasonable expense. It was designed to compliment a regulatory process
that was stalled by various assumnptions of showertime, user flow rates, etc. To be'icredible;
measurement needed to get beyond the subjective assessment of showertlme and flow setting and
concentrate on an end-use measurement of pre- and post-total DHW.energy.: g A0

Other studies have focussed on end-use energy, but none has been of a program with the same

measures. One of the most rigorous prior studies (Warwick 1993) uses hourly annual DHW electrical
end-use measurements. This study provides measurements of the seasonal demand 1mpacts as.well as
the annual energy impacts, . Unfortunately, some of the replacement showerheads used in this study
were. poorly matched to the sites and showed negative savings. This study underpredicts current
pracnce showerhead savings. Another study that directly measured showerhead savings is an impact
evaluation for Puget Sound Power and Light (SBW 1994). In this study, the end-use flows were
measured by an elapsed flow meter at the pomt of use, and it gives some insight as to the distribution
of hot water use by fixture type Here again, the replacement showerheads were nominally 2.5 GPM,
and the study probably underpredrcted the savings aseocnated with the current practree of 2.0 GPM
replacement showérheads.

The more typical type of impact estimate involves an engineering estimate of‘ savings from
shorts térm site measurements and interview data. This approach was employed in a well known study
of showerhead shavings for PG&E (Sumi, Miller & Proctor 1992). This study used a combination of
telephone interviews and site flow and temperature measurements to synthesize a savings estimate, but
this estimate did not directly measure the savings as in the Puget study. Another estimate of this typé'is
found in an analysis of a showerhead program for SDG&E (Martin and Wiggins 1993). This study
showed pre-retrofit flow rates in excess:of 4 GPM
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Methodo logy
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Data Collectron
i{ ot 414 Water heater electrlcal and water consumpnon were measured at each srte The electrical
consumptlon was recorded with a small data logger that recorded the cumulative run time while

tttttt

current ran through the water hesater wire. This nm-tmr_e meaqurement was then multlplled by the
power, draw for the water ‘heater, which was recorded by actual measurement dunng the initial site
yisit. The inst 11atlon procedure was to run the hot water until the water heater elements turned on,
then measure the wattage using a clamp-on ammeter, such as the “Amp-probe ;

At each site, a water flow meter was installed on the cold inlet line to the water heater so that
the amount of hot water used could be recorded along with kWh. consumptron L i Il L

At each site, staff recorded cold water temperatures from a cold water tap One measurement
per building was considered sufficient. Staff also recorded the hot water delivery temperature for each

water heater. This was measured at a hot water tap near the water heater. Finally, staff verified the
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showerhead and faucet aerator flow rate reductions by measuring each shower pre- and post-retrofit
using a “Mlcro ‘Weir.” This measurement confirmed the change in flow.

. Two different test periods were analyzed: One period of approxithately four weeks established
thehba.sclmeconsumpnon with existing equipment. The second period (also approxnnately four weeks)
established consumption:following the installations of'low-flow ‘showerheads, faiicet aerators, and
Water Heater Insulation KltS (WHIK‘S) and thermostat ‘at rest Thts testmg requrred three site visits.
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The spemﬁc site data collected Were't forer VG Ta el T B AR

_ . -Demeographic and identification data (these included name, address bccupaﬁts recent
oo+ 1- change of occupancy, ‘distiwasher use, and clothes washer'tise). ™ »' RS
zr. -4z 0 Hot water use by measuring water flow té and through the tank. T he$e measurements'
-,,;,\x. - +uii . were.made.using a ater-meter installed‘at the tank*s cold water inlét. o o s
»”')i‘ Messureriienits of the tank’s inlet afd outlet water' temperatures. These were made by
e measuring the full‘hot and told only temperatures at outlets nearest the tank aﬁer lettmg

w2l v the water run for at least a minute.
el a
‘e Water heater electric measurements. These were nieasured by attachmg a magnetrcally

B ‘/ E indiiced'elapsed time meter'to the electric wires servu&g ‘the water heater These meters
were 'actuated by the' charige th magnetic field in Wires coﬁ‘ésppndmg to the hot water

heater elcments on and off states

¢ Flow rate measurements (wrth a Mlcro Welt) on the original and replacement
showerheads and fancets. '
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Data Cleanmg and Normahzatlonu Capca ganmivon o MUY 7 ELOME 5 ol
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Data cleanlng a normallzatlon proceeded in the follDng steps, i fHuton e, Lew v
. Missing or inaccurate data caused by equipment failure were removed from the

analysrs Data from periods of extended vacancy were also removed, To minimize
variances in the results, we removed cases deemed to be anomalous using tradmonal
statistical methods as well as common sense.

. Data loss from the initial sample of 104 cases varied by the variable Bf ‘interest. B
example, 72 sites had complete demographlc and water usage data and no major periods
of vacancies. These 'sites composed the’tore of this evaluation. The electrical runtime

. meters failédat all but 34 tases due tofatlty installation procedurés. - e
WXy To" account for dlfferehCes m“the length™ of momtormg, consthnptlbn data were
e Lt 9ilcalculated a$ an averagé kWh per day for each sit€. Data for each site 'were normalized!
L “"to average annual mlet temperature (b)‘ correctlons involving ‘measured m[et
temperatures.” e
For each site and each measurement period, amounts of standby and varrable consuinptlon were
estimated usmg the followmg equattorf = . A g Wi ol
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7cM/h/day.s‘tandby kWh}d y!ulal kWh/dayvarmble
'\.I ‘ -t \‘ .
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where kWh/day,q, Was the average kWh per day measured at the'site during each nie¢asirement period.
The kWh/dayyariabie Was computed as: it (

Vi
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kWh/dayw,,hbk = (T -T
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Gal/day was the average water flow througﬁ 'the hot water tank at the site.
To adjust for seasonal changes in incoming water temperatures, the vanable component of
consumption for each site and each measurement period was adjusted using: o R
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Where )kWh/dayadjust fwas the Daily kWh w1th average annual mlet water temperature; kWh/daySmdby
was the Amount of kWh/day consumption due to-standby loss from the tank eomputed: using. the
qualipn;,kw,clayvmiab\e was, the Variable amount of consumption, Toy was the Delivered hot water
temperature measured. at the site during each measurement period, Thomar Was the Normal -average
annual cold water temperature] Aand.. TieasuredWas. the Measured ;cold water;temperature at.:the site
_ during gach measurement period: . . . B
.+ The.adjustment for temperature apphed onl) to the . variable portion. of the observed
- consumption.. It-was corrected only for the change in the inlet water temperature’s difference between
hot and cold. 2
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Estimation of Annual Electric Savings SRR
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At each site, seasonally adjusted average annual variable savings were calculated as:

'
i ]
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Installation of the water heater insulation and temperature reset prlmarlly affected standby
.Josses. Annual savings for insulation measures installed were separated as: -, .. ... - ..

AkWh = (kWh!dayme,m—kWh/daymndbyM) * 365 QB L o

nsulaton

Similarly, annual savings for water saving measures (mainly for showerheads) were computed
by disaggregating the change in variable kWh into fixed ‘flow and flow: reduction savings. Daily
savings associated with fixed flows wete calculated as:

i ~Toi )+ Gall day + 233 BTUldegFgal & o
i Lo 3412 BTUGWH . .

el (T E gl

AkWﬁ}dayfu;‘* FXT*(

where FXT was the fracﬂen of th‘e} hot water tank flow to ﬁx‘ed ﬂows, such as dish and clothes
washers. Calculations were based on the assumption that FXT, the fixed flow, was 35% of the pre—ﬂow
rate in gallons per day.

g : ' o RN RIET B ‘ ) ¥ r :
1 This corresponded to the cold water temperature between 4/25/96 to 5/5/96, or the temperatyr¢ taken on the first
visit. it
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Annual savings associated with the flow reduction:were calculated as:

AkWhg,, . = (AKWhiday,,,,, ~ AkWhidayg,, ) « 365

Total annual site savings were calculated by adding these three savings components:

AR,y = AW * OKWhp . 4, ARWh

f ed -ﬂawnd'dlali
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Estimation of Aunual Water $’aﬁ’;i§;g oy Ll
Data from 104 sites-were screened for ;pgcupancy changes pre- to post-retrofit. All remaining
sites with complete water measuremients pre ‘and post were selected as thé water flow measurement set
(72 sites). Some data reconstruction was necessary to fill missing dates and decimal point €rrors.
amevcaWater flow measurements were'made withimeasurement intervals of 30 to 40 days These ﬂow
~megasurements:were normalized to gallons perday.; ...« ¢ o2 L 0l ot a0y w
v 1. Water flow savings were not normalized for seasonal variability:'As previous memtormg dld
not~ demonstrate significant seasonality for :the» amount .of hot water ‘consumed (ODE “1987),
programmaticiresults were the mean of estimated annual savings for all sites. ¢ ol h

These water flow measurements were made at the tank and, therefore, were 1ntermed1ate water
~flow .measurements, as nonheated water' consumption was -also reduced. The ‘measuréments were
consolidated with water inlet and' outlet’ temperature measurements for.use in estlmatmg \enengy
savings or water savmgs =
Gross flow savings were first corrected for tank outlet temperatures from pre- to post-period

using the equation: : o

i A
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oul, mannnd oul mensured
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where FXT was the Fixed flow fractlon assumed to be 0.35 *'fl f; 'was the Pre—retroﬁt ﬂow in gal/day,
and f; was the Post—retroﬁt ﬂow in gal/day

J' MR J Cu - IRIRL R et R A T i B 5O TRaostEo!

The portion of the total cotrected change in wwater Aase: that 'is !attnbutable 'to’the ‘program was
calculated: P . .

(VI Sie>
AL 0
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ar Aj}m"m' :'(ﬁfga”daycorrzcned * 4_;;:'.;;»-.:: héasur p-r) ‘ 365
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where T fixture was the water delivery temperature at the fixture (assumed to be 105° ¥). (This was
intended to be the weighted average of the shower and ‘bath water ‘temperatures. This was not
measured, but rather assumed to be within the human comfort zone of 100°F to 1 10°F )

ELAV O B : » H

(25 oo ) noar g - )
) v of

Analysis Résults '~ | 1.0 !

The normahzed seasonally corrected measurement data were - rev1ewed and aggregated-in
Figuré§ 1'throtigh 3. ' Tl AR Tl

Iney
C,
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Figure 1 summarizes the water measurement results. The Daily DHW Consumption of Figure 1
normalized distribution of daily average water usage There is a clear-cut reduction between the pre
and post periods. L

But note that this mean reduction is only 6. 37 gallons per day. It is important to note that this
tank flow reduction is at the tank discharge temperature, generally 140°F or higher. The flow reduction
at the fixture is larger due to the mixture with cold water. After site-by-site corrections for pre- and
post-tank discharge témperatures, the fixture flow reduction is estimated to be 16.9 gallons per day.

Flgure 1. .Watet Flow at Tank
DAILY DHW CONSUMPTION
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Fraction uf sample with lower consumpuon
_e_ Sorted pre—retrofit ., . Matched post—retrofite.. Sorted post—retrofit

The mean Pre and Post usages and savings in gal/day are:
PRE POST SAVINGS

Mean 40.99 34 61 6.37
Sid Dev 23.55 20.80 10.41
- 90% conndence 4.57 4.03 2.02

Figure 2 summarizes the measurements of daily variable DHW energy use. In this figure, the
average daily variable energy use is presented in the form of a normalized distribution showing the per
site variable energy use varying from about 2 kWh/day to 20 k Wh/day. -

This is also a clean-cut shift-in this distribution between pre- and post-retroﬁt showing a mean
savings in variable energy use of 2.04 kWh perday. - * !

Variable savmgs were disaggregated into two components: ﬁxed flow and reduced flow
savings. Fixed flow savmgs solely resulted from reducing the hot water temperature to water for end
uses other than showerheads and aerator-installed faucets. Reduced flow savings were caused by a
reduction of the volume of water used by the household. Both savings could be calculated using the
previously cited equations with 35% of the water flow assumed to be going to fixed-flow apphances
Fixed-flow savings were estimated at 0.28 kWh/day, or 103 kWh annually, and reduced flow savings
from instailed showerheads and aerators were calculated at 1 75 kWh/day, or 640 kWh cmnually

¢ i ik
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Figure 2. . DHW Draw Energy oy
d Sorted kWH/day variable Energy
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.+ . Figure 3.. Tank Standby Energy
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Figure 3 summarizes the measurements of daily standby energy use. This figure shows a
nonnahzed distribution of dally standby energy with'daily standby energy varying from -1.5 kWh/day
to 5 kWh/day. There is a clear shift in these distributions between the pre- and: post-retrofit data
showing a mean daily standby savings of 0.69 KWh/day.

Surprisingly, the distribution in Figure 3 shows negative standby savmgs for several sites,
which is impossible for a tank maintained warmer.than its surroundings. The implication for these
"anomalous caseés'is that more thermal energy emerged from the tank than the electrical energy input to
the tank. The larger of these negative standby losses is too large to be attributed to measurement errors
alone. It is more likely attributable to a process error that characterizes the inlet temperature to all sites
in a building from a single measurement at the sitc ncarcst thc watcr inlct to the building. The other
sites in the building, on different floors and at least 100 feet from the primary water supply, are seeing
inlet water preheated a few degrecs by its passage through the building walls. However, this hypothesis
was not verified - Assuming that this error was due to a persistent cause, common to both the pre- and
post-measurement intervals, then the effect of the error will be minimal because the savings estimates
are based on differences where (he etror will be cancelled out. )

I'otal savings were estimated at 995 kWh per treated site. Measurements also showed average
water savings of 6,169 g%ﬂlop§ per year at each site, as in Table 1.

20
|

Table 1. Monitored Progrx;m lS;virfgs of the Analysis Sample

Electric Energy Savings- - kWh Per Day - - Annual kWh Percent of Total
Fixed Flow Savings 0.28 103 10.4%
Flow Reduction Savings 1.75 640 64.3%
Standby Savings . 069 : 252 + 254%
Total Electric Savings* 2.73 _ 995 100%
Water Savings : "Gallons PerDay | ' Annual Gallons '

Total Water Savings 169 | 6,169 100%

COSRLAIT

- “" ¥ Total Sa'vmgs‘ were partitioned into'the statirfbgl ad flow-related components for the 34 sites with

i1 niwon. metered électric data: The average standby savings monitored in the 34-site sample was assumed to

sy apply to the full 72-site study sample. Program standby savmgs formeg the differénce between pre-
and post-perlod standby electricity consumption , iy ;

Extrapolation of Findings to All Program Participants
Several multivariate regression models were constructed to extrapolate the estimated energy
savings for the measurement sample of 104 sites to the full population of program participants.
Essentially, the purpose of the regression model was to correct notable differences in the mean setback
temperature and occupancy observed in the full population.
The model with the best fit to the measurements is executed in two steps:

1) Step 1: Estimate Pre-Draw model. The Pre-Draw in kWh/day was estimated using:

PreDraw = o + B| Occupancy + P, TempRise
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o0, +  where Pre-Draw was the pre-retroﬁt draw of the water heater in kWh/day, Occupancy
b 2 n . was the number of occupants in' the household, and TempRise was the dnfference

Bl 3. 05 ande— 0. 091 )
JAL L s
sl Flgurc 4 dlsplays the-actual versus the regres’sxon-based estlmate of Pre-Draw Overp,l! the
1egy i fmodel prov1dedafalrly good’ ﬁt & s B .

) = gt
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- «|Figure 4: PreDraw Model |
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Jr ¥
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T
[]
i: .
! 0 & v g 5,0 S RS 20 25 .
: ' . Actual Pre-Draw , KWh/day i g
1 (2)  Step2: Estimate Savings Model. The average AkWh/day was esktim'ated, usfng
e day =-o + B PreDr “”‘f + B, AT ﬂi“Ow{"pa"'cy + By AF[OW« W
{_ _I - - - - :. ? - - o — ‘:; ’v.:.. —-— — LN - . ,.: :.’v;‘4 ‘“.':’_;‘."-‘ ‘-“}-, 5 - ]

" ... where AT.-was the temperature reduction: (setback)-and Aflow was the ‘change in
showerhead flow in gallgns per minute, The model pravided a good overall fit with an
R uf 0 76 All vanahles except. Aflow,,had. significant t-tests. (details provided in
Appendix: C)..Figure 5 displays the estimated: model (actual versus predicted saving
values). (Model results were as follows: o= -0.47, Bi = .040, B, =0:0392, (i3= -0.4188,

and P4= 0.0058.)

.....
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Figure 5: S'a'vings ‘Model

E&_‘bdel S}a_.vir_lgs,_.'kNUday :
L

-Actual s;;gvings, kWh/day . ‘
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Insemng overall progr m averagcs mlo the regressmn resulted in savings of 2.43 kWh per day,
or 889 kWh/ye r? .

The regréssion modéls. only provided estimates of -the vanable savings and not the standby
savings. The average standby savings of 252' kWh/day computed’ for the ‘measurement ‘sample, was
assumed to apply to the population. This was then-added to thé flow savings estimate of '889'to obtain a
total of 1,141 kWh/day for the population. Table,2 displays a disaggregation. for the popu ation savings
based on the percentage of savings distribution obtained from the study sample.

+The populataon s average water savings were deemed to he équal t6 the sample’s (6,169 annual
gallons pef pamclpant) '
Table 2. Program Population Savings by Type L
Electrlc Energy Percent of Annual Population
L Savings Total . ' KWh Savings _
P Flow Savings 10.4% 103 N
Flow Reduction:Savings... . . . 64.3% 786
. _Standby Savings.. .. _ 254% 292
Total Water Heating Savings 100% 1,141
: ~ Water Savings - Annual Gallons. .
: -'_?Tmél Waér Savings _* *" “7U100% ! 6,169 '
B S ST (VY | o SIHAN w [ R A P P LR T ‘
2 Avérage Pre-Draw was est:mated ﬁ'om §tep l at8.57 ka/day. and average temperat re setback of 10° F was
} estimated fromi the §ample and assumed to apply to the population. A survey of program participants revealed

that occupants averaged'2.31. As part'ofthis project, laboratory tésts were performed on the 104 showerheads
replaced. These tests revealed that under typical water pressure conditions, the average water flow was 4.48
gpm (This was slightly lower than the 4.8 gpm measured on-site for the regression sample ) With a final flow

1 o457 ate of 2. gpm; the: aflow.for extrapolation was assumed to be 2. 28 gpm, - e e LoD it

ETRY T 004 PR I |
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Population savings per treated units still had to be adjusted for participating customers who did
not receive all the program services. The total percentage installing each measure are shown in
Table 3. The distribution of measures was obtained from the 3,000 randomly selected participants.

As old showerheads were removed and low-flow showerheads were installed, persistence was
not a concern. Water heater tank wraps were only removed in three cases (approxlmatcly 2% of
respondents). A :

Adjusting the savings estimates to reflect the observed percentage of measures mstalled the
average per site annual savings from water measures was 787 kWh per participant (Table 3) Water
savings were only associated w1th homes mstallmg ﬂow measures, and the adjusted savmgs were
4,855 gallons per year. .

However, of the 26,656 program participants, only 92.7% had electric water hedt ‘and were
eligible to receive the water heating measures. Adjusting the average savmgs for electric DHW
produced average electric only savings of 730 kWh (787 *0. 92 7). ’

Table 3. Calculation of Savings

_ Avg Annual " AvgrAdjusted :
Water % Installing Population Annual Savings Per
Category Measures Measure Savings (kWh) Participant (kWh) .
| Fixed Flow “Temp Set Back £0:8% 103 63
| FiowReduction | Showerheads/Aerators 78.7% 786 619" :
Standby ‘| Tank Wrap 416% 252 105
All Water Measures | AIF - - | T NA" 1,141 787
Water Savings Showerheads/Aerators ' 78.7% - 6,169 4,855
(gallons per year) '

Perspective on Results

Table 4 compa&*es the results of this work w1th other recent work Note that all of the studies
employ slightly dlfferent experimental approaches and involve different pro gram elements

Table 4. Companson of Gross ‘Savings Est_imates i

Savings .
Estimate | (kWH/yr) Commients’
{date) -
Warwick 374 | o Field testwith DHW end use measurements at 71 sites. Measured results of 545

1993 gl kWH/yr/site were corrected for 80% of full installation and 86% electric DHW saturation to
give 374 kWH/yr for comparison to other results.

+ No kitchen or bath aerators were used, and there was not thermostat setback, and 14% .
of sites were retrofitted with a 2.5 GPM instead of a 2.0 GPM head. Thjs result wﬂl
/ understate the savings attributed to'the PPBL single-family program,

& Test penod was approximately 1 year pre/posl No expilicit reoogmtuon of oceubancy

Iy,
¢
i

3 An auxiliary oart of this lmpact evaluation consisted of a telephone: survey to refine the populdtion:estimates for
the occupancy and fuel type.
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SDW 1995 939 | o Syntheses based on survey data and test results from other studies, Puget, SCL.

+ Survey data from this study provides the basic installation rate and electric/gas data used
in subsequent studies.

+ This study produces high results because of slightly longer shower duration and higher
flow change than used by others.

+ This study attempted to use bench flow data on approximately 1,000 participant
showerheads. The high preflow rate from bench tests increases the sensitivity to the
assumed throttle rates and shower times that came from small or unrelated samples.

OdoelOpuc 347 | « Synthesis based on survey data and Delta T flow tests at showerhead. This is not an
(1996) independent estimate of savings but a “common sense” check on prior savings estimates.
Unpublished « Occupancy variations are implicit in shower duration assumptions.

PP&L 513 | « Synthesis based on survey data and negotiated input values.

(1997) « Calculation structured similarly to ODOE/OPUC estimate.

Unpublished

Current Work 434 - | o From field test and regression model for multifamily participants with same flow treatment.

529 | o Adjusted for differences in single family and multifamily population and delivery
mechanism.

+ Datainterval is approximately 1 month pre and post.
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