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ABSTRACT

The performance of an advanced residential energy conservation
measure (ECM) selection technique was tested in Buffalo, New York, to
verify the energy savings and program inprovenments achieved from use of
the technique in conservation prograns and provide input into determ ning
whether utility investments in residential gas end-use conservation are
cost effective. The technique analyzes a house to identify all ECMs that
are cost effective in the building envelope, space-heating system and
wat er - heati ng system The benefit-to-cost ratio (BCR) for each ECMis
determ ned and cost-effective ECMs (B(R > 1.0) are sel ected once
interacti ons between ECMs are taken into account.

Ei ghty-ni ne houses with the follow ng characteristics were nonitored
for the duration of the field test: occupants were low-income, houses
were single-famly detached houses but not nobile homes, and primary
space- and wat er-heating systens were gas-fired. Forty-five houses
received a nix of ECMs as sel ected by the nmeasure sel ection techni que
(audit houses) and 44 served as a control group. Pre-weatherization data
were collected fromJanuary to April 1988 and post-weat heri zati on data
were coll ected fromDecenber 19838 to April 1989. Space- and water -
heati ng gas consunption and indoor tenperature were nonitored weekly
during tbe two winters. A house energy consunption nodel and regression
anal ysis were enployed to nornalize the space-heating energy savings to
average outdoor tenperature conditions and a 68°F indoor tenperature.
Space and water-heating energy savings for the audit houses were adjusted
by the savings for the control houses.

The average savings of 257 therns/year for the audit houses was 17%
of the average pre-weatherization house gas consunption and 78% of that
predi cted. Average space-heating energy savings was 252 therns/year (25%
of pre-weatherizati on space-heating energy consunpti on and 85% of the
predi cted val ue) and average water-heating savings was 5 therns/year (2%
of pre-weatherization water-heating energy consunption and 17% of
predicted). The overall BCR for the ECMs was 1.24 using the sane
assunptions followed in the selection technique: no adm nistration cost,
residential fuel costs, real discount rate of 0.05, and no fuel
escal ation. A weatherization programwoul d be cost effective at an
adm nistration cost less than $335/house. (n average, the indoor
tenmperature increased in the audit houses by 0.5 °F follow ng
weat heri zation and decreased in the control houses by 0.1 °F

The followi ng conclusions regarding the neasure sel ection techni que
were drawn from the study: (1) a significant cost-effective |evel of
energy savings resulted, (2 space-heating energy savings and total
installation costs were predicted with reasonabl e accuracy, indicating
that the technique's recommendations are justified, (3) effectiveness
i mproved fromearlier versions and can continue to be inproved, and (4 a
wi der variety of ECMs were installed conpared to nost weatherization
programs. An additional conclusion of the study was that a significant
i ndoor tenperature take-back effect had not occurred.
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BEXEQUTI VE  SUWARY

The performance of an advanced residential energy conservation
nmeasure (BN selection technique was tested in Buffalo, New York, to
verify the energy savings and program inprovenents achieved from use of
the technique in conservation programs. The technique was also tested Co
provide input into determning whether utility investments in residential

gas end-use conservation are cost effective.

The technique is a conmercially available, proprietary audit program
and runs on a personal computer. The technique focuses on reducing
space- and water-heating energy consunption. Under the technique, each
house is analyzed individually to identify all ECMs that are cost
effective in the building envel ope, space-heating system and water -
heati ng system Informati on on each house is collected through house
surveys, discussions with the occupants, exaninations of previous billing
data, and diagnostic testing (measuringhouse air-I|eakage rates using a
bl ower door and space-heating system efficiencies through a flue gas
analysis). The benefit-to-cost ratio (BAR for each ECM is determ ned
using this informati on and ot her economc data, allow ng the cost-
effective EOM (BOR > 1.0) to be selected once interactions between ECMVs
are taken into account. Because cost-effective EOM are sel ected
uni quely for each house, inefficient houses that can benefit nost from
weatherization receive nore ECMs and greater anounts of noney are spent
on them.

Ei ghty-ni ne houses were nonitored for the duration of the field
test: 45 houses received a mix of ECMs as sel ected by the neasure
sel ection technique (audit houses) and 44 served as a control group.
Pre-weatherization data were collected for all houses during one w nter
season (January to April 1988). EOMs were installed in the audit houses
bet ween August and Novenber 1988. Post-weatherization data were
collected for all houses during the followi ng w nter season (Decenber
1988 to April 1989).
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Houses included in the field test were limted to those nmeeting
sel ected characteristics to neet the basic objectives of the field test.

I nportant characteristics were that:

1. occupants were low-income, defined as being eligible for the
Low I ncome Home Energy Assi stance Program adm nistered by the
state;

2. houses were single-fanmly detached houses but not nobile hones;

3. primary heating systens were either gas-fired furnaces or hot

water boilers;

4, secondary fuels (such as wood or kerosene) were not used to
substantially heat a house (use of supplenental fuel in each
house up to a half day per week or in the bathroomwas
acceptable); and

5. dormestic water was heated by natural gas.

The followi ng time-dependent data were manual ly coll ected weekly for
all houses during the two winter test periods: house gas consunption,
house el ectricity consumption, space-heating gas consumption, and
donestic water-heating gas consunption. Hourly indoor tenperatures were
nonitored in each house and hourly outdoor tenperatures were nonitored at
three sites near the houses. Time-independent information collected or
neasured during the field test included: house and occupant descriptive
information, house air-leakage rates, steady-state space heating-system

efficiencies, and ECMs actually installed in the houses and their costs.

Houses used in the field test ranged between 15 and 90 years ol d,
with their average age being 47 years. Al npost all houses had a concrete
bl ock baserment and nost had two floors built above. The non-basenent
floor area of the houses (which, in nbpst, was the nain living area)
averaged 1305 ftz, with 70% of the houses bei ng between 1000 and 1600
ft”, Total floor area (whi ch includes the basenent) ranged from 866 to
3424 £t? and averaged 2082 ft 9 Ei ghty-seven percent of the houses had
furnaces and the renaining had boilers. The average age of the furnaces
was 19 years while the boilers were slightly older. The initial thernal
condition for many houses was poor for the Buffalo area. N nety percent

XViii



of the houses had no foundati on insulation, 62% had no exterior wall

cavity insulation, and 18% had no attic insulation.

B even different ECMs were installed in at |least one of the audit
houses. Three wat er-heati ng system neasures (pipe insulation, insulating
bl anket, and tenperature reductien), infiltration reduction, and attic,
wall, and sill box insulation were frequently perfornmed. Space-heating
system tune-ups were routinely performed to ensure that the systens were
operating safely and to avoid any liability issues, although energy
savings were still expected. Floor insulation, foundation insulation,
and space-heati ng system repl acenment were neasures infrequently
perforned. E ght measures considered by the audit were never installed:
stormwindows, intermttent ignition device, heating systemthernal vent
danper, heating systemel ectric vent danper, gas power burner, outdoor
tenperature reset control, continuous circulation punp, and water heater
thermal vent danper. Had a clock thermostat with a 5°F setback been an

option, it would have been selected in only one house.

Infiltration reduction was perforned before the installation of
other ECMs following a bl ower-door-guided infiltration reduction
procedure. This procedure was designed to increase energy savings at
reduced costs by using a blower door to |ocate najor house |leaks and to
determine when infiltration work was no |onger cost effective. The
infiltration procedure was applied to all audit houses, but sealing work
was not performed in 14% of the houses because the air-leakage rate was
al ready bel ow m ni num gui del i nes (1500-1800 c¢fm50) . By requiring
infiltration reduction work to be performed at a BCR of 2.0, expenditures
were limted to an average of $73/house (excluding a $70/house set up
cost). Geater expenditures and reductions would result if the BCR for

the work was | owered.

ECMs could not always be installed in houses as recommended. This
did not have a serious inpact on installation costs or other ECM
sel ected because the EOMs not installed were usually inexpensive and

snmall energy savers, Auditing errors and the manner in which
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infiltration reduction is included in the selection technique contributed

to this problem

The anount of noney spent on each house averaged $1453 ($1387 for 32
houses used to deternine the BCR of the neasures and weat herization
progran) but varied over a large range: |ess than $500 per house was
spent in five houses and nmore than $2000 per house was spent in 11
houses. Expenditures were predomnately for wall and attic insulation:
an average of $750 and $400, respectively, was spent in each house for
these neasures, while less than $75 was spent (on average) on each of the
remai ni ng measures. The average cost for performng the ECMs in the
houses was estimated quite reliably by the selection technique (within

2%), but individual house estinmates varied nore wi dely.

The measured space-heating energy savings in this study were
normalized to average annual outdoor tenperature conditions and a
standard house indoor tenperature (68°F for all houses before and after
weatherization). Normalized energy savings were found by subtracting
post-weatherization consunption fromthe pre-weatherization consunption.
The follow ng house energy consunption nodel and regression analysis were
enpl oyed to estimate normalized annual space-heating energy consunptions

fromthe pre- and post-weatherization data:
EC=A+ (B* DI) ,
wher e
EC —energy consunption of the space-heating system
DI - indoor minus outdoor tenperature difference,

A - intercept coefficient (determned by regression), and

B - slope coefficient (determned by regression).
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The normalized energy savings for the audit houses were adjusted by
the normalized energy savings for the control houses to account for
factors affecting the space-heating energy consunptions that could not be
consi dered directly.

Wt er- heating efficiency neasures provide energy savings year-round.
To determ ne the annual energy consunption of the water-heating system
before and after weatherization, an average weekly energy consunption was
det erm ned using water-heating energy consunption data collected from
January through April for each period and multiplied by 52. Energy
savings were found by subtracting post-weatherization consunption from
pre-weatherization consunption. As with the space-heating energy
savings, the water-heating savings of the control houses were used to
adjust the savings of the audit houses. The analysis of water-heating
energy savings was |imted because neither seasonality nor hot water
consunption were taken into account

The average space-heating energy consunption of the control houses
i ncreased 61 therms/year, about 7% of pre-weatherization space-heating
energy consunption (902 therms/year). Average water-heating energy
consunption decreased 12 therns/year to 278 therns/year. A reason for
the increase in space-heating systemenergy consunption is not known,

especially considering that the energy consunptions were nornalized to
constant indoor temperature.

Adj usted and predicted savings for the audit houses are summarized
in Table ES,1. The average adjusted savings was 257 therns/year: 252
therms/year from space-heating energy savings and 5 therns/year from
wat er-heating energy savings. Adjusted space-heating energy savings was
25% of the average pre-weatherization space-heating energy consunption
(1022 therms/year), adjusted water-heating energy savings was 2% of the
average pre-weatherization water-heating energy consunption (272
therms/year), and the total adjusted savings was 17% of the average pre-

weat heri zati on house gas consunption.
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Table E§.1. Summary of adjusted savings for the audit houses

Annual pre- Annual
weatherization __energy savings Per cent
energy use (t her ns/ year) Per cent of

{(therms/year) Adjusted Predicted savings predicted

Space-heating 1022 252 298 25% 85%
Wat er - heat i ng 272 5 30 2% 17%
QG her gas use 182

Tot al 1476 257 328 17% 78%

The space- and water-heating savings of the individual houses was
quite variable. On average, the space-heating energy savings was | argest
i n houses with higher pre-weatherization space-heating energy consunption
and that received greater expenditures for ECMs. Adjusted space-heating
energy savings ranged from -136 to 1120 therns/year (25% of the houses
had positive energy savings less than 100 therns/year and only two houses
had negative savings) and adjusted water-heating energy savings ranged
from-98 to 172 therns/year. The variability of the individual house
energy savings and the relation between savings and expenditures can be
largely attributed to the sel ection technique, which was designed to

concentrate ECOMs in houses that would nbst benefit from them

The total adjusted savings of the audit houses was 78% of that
predi cted. The adjusted space-heating energy savings was only 46
therms/year bel ow the predicted 298 therns/year, or about 85% of the
predi cted value. The adjusted water-heating energy savings was 17% of

predi ct ed.

The difference between predicted and adjusted space- heati ng energy
savings in individual houses is significant at the 95% confidence level
in all but six houses. However, a graphical conparison shows that houses
were generally grouped around a line representing equality between
adjusted and predicted savings. Agreenent between predicted and adj usted
savings was especially good for houses in which few ECM were installed
(lowpredicted savings). |f the base tenperature of 60°F used in the
sel ection technique to estimte savings of envel ope ECMs was |owered to

XXi |



57°F, the average predicted and adjusted savings would be nearly the
same. |naccuracies in predicting attic insulation savings may al so be a
source of the observed differences, but a definitive conclusion is hard

to reach.

The overall BCR for the ECMs was 1.24 assunming just costs to install
the EOM (no admnistration costs), residential fuel costs
($0.579/therm), a real discount rate of 0.05 and no fuel escal ation
(same assunptions as made in the neasure selection technique). A
weat heri zati on programwoul d be cost effective at an administration cost
| ess than $335/house.

Under this field test, 18.5 therns/year were saved for every $100
spent on ECMs as conpared to 15.9 therns/year neasured in a previous
study in Wsconsin. A though this inproverment could certainly be due to
di fferences between the experinents in housing characteristics and
climate, inprovenents nade to the technique are also likely contributors
(especially limting recommended ECMs to those with predicted BCRs
greater than 1.0).

I f envel ope and wat er-heati ng system ECV only were to be installed
inhones simlar to those tested, a sinpler selection technique could be
devi sed based on the field test results that could produce near
equi valent results. This occurs because the consistency of the housing
stock allows patterns to devel op regarding correct installations. |f
space- heating system EOM are al so consi dered, a sinpler techni que nay
not be able to be devel oped; proper decisions regarding the repl acenent
of the space-heating systemcan be made only after the energy savings of

the EQM are interacted with the savings of other ECHMs.

The measure selection technique could be inproved to increase
accuracy and ease of use by naking changes in its design. | rpl enent ati on
of the procedure could also be inproved by handling selected ECMs with
paral | el procedures: |ow cost ECMs shoul d be sel ected using sinple

criteria, other ECMs should be included in an occupant education program
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and infiltration reduction work should be performed independently

following the procedure used in the field test.

Average pre- and post-weatherization indoor tenperatures were
cal cul ated for each house by averaging data collected in the nmonths of
January through April. Average pre-weatherization indoor tenperatures
ranged from about 60°F to 78°F. The average for the control houses was
68.99F and the average for the audit houses was 68.1°F, a difference that
is not statistically significant at a 95% confidence level. |In the post-
weat heri zation winter, the indoor tenperature increased or decreased in
individual audit and control houses by as nuch as 8°F although changes
were less than 2°F in nore than 70% of the houses. On average, the
indoor tenperature increased in the audit houses by 0.5°F and decreased
in the control houses by 0.1°F. However, neither of these changes nor
the difference between changes are statistically significant at the 95%
confidence level (although the change in the audit houses is significant
at a 90% level).

Five main conclusions were drawn fromthe field test results:

1. Use of a nmeasure selection technique to select unique ECMs for
i ndi vi dual houses resulted in a significant cost-effective
[ evel of energy savings.

2. The neasure selection technique predicted space-heating energy
savings and total installation costs with reasonabl e accuracy,
indicating that its recommendations are justified (EOW were
correctly recomrended in individual houses and concentration of
ECMs in sel ected houses was justified).

3. The effectiveness of the selection technique inproved from
earlier versions and can continue to be inproved.

4. Use of the neasure selection technique resulted in the
installation of a wider variety of ECMs than typically
install ed under nost weatherization prograns and produced | arge
variations in energy savings and expenditures anmpng houses.

5. Aver age indoor tenperature changes follow ng weatherization

were small, indicating that a significant take-back effect had
not occurred.
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THE NATI ONAL FUEL END- USE EFFI G ENCY FI ELD TEST:
ENERGY SAVI NGS AND PERFORMANCE OF AN | MPROVED
ENERGY CONSERVATI ON MEASURE SELECTI ON TECHN QUE

1. | NTRCDUCTI ON

1.1 BACKGROUND

Uilities, state weatherization offices, and regulators face a
common question in designing and evaluating residential energy
conservation prograns: How can energy conservation neasures (ECMs) be
best selected to reduce energy costs in households participating in the
progran? Expenditures nade under low-income residential weatherization
prograns nay not be as effective as possible (do not result in the

greatest energy savings benefit per dollar invested) because:

1. a wide range of technol ogies that can inprove buil di ng energy
efficiency are not considered,

2. i mproved met hods of performng current ECMs are not followed,

3. program funds are wasted by over-investing in some houses while
under-investing in others,

4, ECMs that are not cost effective are installed (a cost-
effective ECMis defined as one where the present value of its
expected energy savings is greater than the present val ue of
its installation and nai nt enance cost), and

5. ECMs that provide the greatest energy savings benefit per
dollar expenditure are not sel ected.

New approaches to perform ng low-income residential conservation
prograns are needed to overcone the limtations described above and to
i nprove the effectiveness of program expenditures. These new approaches

shoul d incorporate the follow ng principles:
1. building-envelope, nechanical -system and water-heating system
ECMs shoul d be given equal consideration;

2. i nproved net hods of perfornming ECMs, especially regarding
infiltration reduction, should be utilized;
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3. houses shoul d be analyzed individually to identify the cost-
effective ECMs for each particul ar house; and

4, a systematic decision process for selecting the investnent
| evel for each house and the package of cost-effective ECM5 toO
be installed should be followed.

The ak R dge National Laboratory (CRNL) devel oped a sel ection
technique for ECMs (McCold 1987, McCold et al. 1986) based on the four
principles outlined above. The technique was tested in the State of
Wsconsin's Low I ncome Weat heri zation Assistance Program in 1985 (MCold
et al. 1988, Ternes et al. 1988). Results showed that the techni que nore
than doubl ed the annual energy savings per dollar expenditure of the

program as conpared with the priority system fornmerly used in 1982.

1.2 PURPCEBE

The National Fuel End-Use Efficiency Field Test was perforned in
Buffal o, New York, to determne the performance of an ECOM sel ection
technique simlar to that devel oped and previously tested by ORNL.
Additional testing of the nmeasure selection technique was desired to
verify the savings and program i nprovenents previously measured,
especially in a different climate and a different housing stock fromthat
found in Wsconsin. Results will further inprove nethods for conducting
weat heri zation prograns and will help identify EOM that really work.

The field test was also performed to put National Fuel (N Gas

Di stribution Corporation in conpliance with New York State Departnment of
Public Service (NYSDPS) Conmi ssion's Qpinion #86-9, Case 29088. This
order required NF to develop a Denonstration Energy Conservation Program
to determne whether utility investments in gas end-use conservation are

cost effective.

The field test was a cooperative effort performed by NF, ORNL, The
Alliance to Save Energy (Alliance), NYSDPS, and Wsconsin Energy
Conservation Corporation (WECC). Financial support was provided by Nr
and the U S. Departrment of Energy, Ofice of Buildings Research, Existing
Bui | dings Energy Efficiency Research Program
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The roles of the participating organizations are nore thoroughly
described in an experinental plan developed for the project (Ternes and
Hu 1988). The Alliance and NYSDPS provi ded nanageri al support to the
project. The Aliance devel oped the concept plan, disseninated
information on the project, and reviewed documents. NYSDPS nanaged the
field test at the state level and ensured that information about the
field test was made available to other New York state offices. Nr
i npl enented the on-site portion of the project by selecting and auditing
houses, installing instrumentation, collecting data, and contracting to
install ECMs. ORNL devel oped the experinental plan, supplied and hel ped
install instrumentation, naintained a data base of all collected dat a,
anal yzed the data, and prepared technical reports, WECC prepared a
custom zed version of the neasure sel ection technique and provided

techni cal training.

The purpose of this report is to present information gathered during
the field test and results obtained fromanalysis of this information
The experinental plan (Ternes and Hu 1988) identifies the detail ed nethod

of the project.
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2. ENERGY QONSERVATI ON MEASURE SHLECTI ON TECHN QLE
2.1 | NTRDUWCTI N

The ECM selection technique is based on the principles identified by
McCol d (1987) and McCold et al. (1986), and is simlar to the procedure
tested in Wsconsin (MCold et al. 1988, Ternes et al. 1988). The
techni que focuses on reducing space- and water-heating energy consunption
and, thus, is applicable to climates in which hauges require significant

wi nter space-heating and little sumrer space-cooli ng.

The chief distinction of this technique, as contrasted with a set
list of priorities, is that each house is analyzed individually to
identify building-envelope, Space-heating system and water-heating
system ECMs that are cost effective. Information on each house is
col l ected through house surveys, discussions with the occupants,
exam nations of previous billing data, and diagnostic testing (measuring
house air-1|eakage rate using a blower door and gas- or oil-fired space-
heati ng system steady-state efficiencies through a flue gas analysis).
The benefit-to-cost ratio (BAOR for each possible EOMis determ ned using
this information and ot her economc data, allowing the cost-effective
ECMs to be selected once interactions between EOM are taken into

account.

An additional distinction of the technique is that it includes a
systenmati ¢ deci sion process to determne investnent |evels for each house
in order to inprove the effectiveness of conservation program
expendi tures by maxi m zing program energy savings per investment dollar
within other programconstraints. This is acconplished by selecting for
installation only EOM with BCRs higher than a cutoff val ue presel ected
‘for the conservation program Under this procedure, houses receive

different ECMs and various anounts of noney are spent on each house.

The procedure previously tested in Wsconsin was nodi fied by WECC

for the State of Wsconsin to inprove the accuracy of the energy savings
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predictions, include additional ECMs (including water-heating system
ECMs), include an inproved nethod of performng infiltration reduction
work, address additional types of space-heating systens other than gas

furnaces, and nake it generally easier to use

2.2 [DETA LBED DESCR PTI ON

Version 2.1 of WECC's neasure selection technique (the version used
in Wsconsin at the time of the field test) was used in this field test.
This version conbines the neasure selection process with a nanagenent
system that provides a framework for administration, organization, and
reporting. The technique is programmed for use on a personal conputer
using a standard spreadsheet program The technique is specifically

designed for use in low-income weatherization programs.

Space- heating system ECMs are considered along with building-
envel ope and water-heating system ECM in the selection technique.
Installation of the follow ng building-envel ope ECM were consi dered by
the technique for this study: wall insulation, attic insulation,
infiltration reduction, stormwindows, floor insulation, sill box
insulation, and interior foundation wall insulation. Space-heating
system ECMs included tuning the existing space-heating system, replacing
a standing pilot with an intermttent ignition device, installing a
thermal | y-activated vent damper, installing an electrically-activated
vent damper, replacing an atnospheric burner with a gas power burner,
installing an outdoor tenperature reset control, installing a continuous
circulation pump, and replacing the existing systemw th high-efficiency
equi pment.  Water-heating system EOMs included adding an insulation
blanket to the water tank, installing a thernally-activated vent damper,

i nsul ating hot water pipes, and reducing the hot water tenperature.

Options for |owering thermostat settings for the space-heating
systenms, installing | owflow shower heads, and installing faucet flow
restrictors are included in the technique but were not used in the field

test. Reasons for not including adjustrment of the space-heating system
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thernostat setting are discussed in Sect. 5.3. The two water-heating

system ECMs were not included for programmati ¢ reasons.

The first step in inplementing the technique is to collect or
measure the follow ng: occupant information, health and safety
information, building-envelope data, space- and water-heating system
data, the steady-state efficiency of the presently installed gas-fired or
oil -fired space-heating systens, the house air-|eakage rate or reduction,
and previous household fuel consunption data. The space-heating system
steady-state efficiency is obtained by performng a flue gas anal ysis.
Dependi ng on when infiltration reduction work is performed, either the
current air-leakage rate of the house or the actual air-leakage rate
reduction achieved by infiltration reduction work can be used in the
technique (see discussion in Sect. 2.3). The current air-leakage rate,
defined to be the air flowrate into the house when the house is
depressurized 50 Pa bel ow anbi ent, can be estimated by the auditor or
measured using a calibrated bl ower door. The househol d fuel consunption
records (nmonthly billing data) are obtained fromthe local utility
conpany or honeowner; data for approximately one year are preferred. The
remaining information is obtained through house surveys and di scussi ons

with the occupants.

In the second step, the collected data are input into a persona
conputer (usually at the office). Additienally, the househol d fuel
consunption records are analyzed to estimate a bal ance point tenperature

and a normalized annual space-heating energy consunption for the house.

To cal cul ate these values, the total period of tinme covered by the
billing data and the heating degree days for each nonthly billing peri od,
based on a chosen bal ance point tenperature, are calculated. The billing
data are plotted versus the cal cul ated degree days and, on the sane pl ot,
aline is drawn. The intercept of the line is the nonthly basel oad,
estimated frombilling data for one or two summrer nonths. The slope of
the line is equal to the space-heating energy consunption for the total

period of time (total fuel consunption for the period mnus the estinmated
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baseload consunption for the period) divided by the heating degree days
for the period based on the chosen bal ance point tenperature. After
repeating the procedure using a different bal ance point temperature, the
auditor conpares the plots to determne the plot in which the data and
line are nost consistent and, hence, which of the two bal ance point
tenperatures best describes the house. This process is repeated until a
final balance point tenperature is selected. The slope of the line
corresponding to the selected balance point tenperature is nultiplied by
the average annual heating degree days for the area (based on the

sel ected bal ance point tenperature) to obtain the nornalized annual

space- heating energy consunption for the house.

In the third step, the following are calcul ated by the neasure
sel ection technique for each of the previously identified ECMs:
installation cost, annual energy savings, first-year COSt savings, BCR,
and sinple payback period. The installation costs are cal cul ated using

local labor and material costs for each EOM Energy savings are

determ ned using cal cul ati on nethods that exam ne each ECM individually
as opposed to an approach in which the entire building is nodeled. The
savi ngs of buil ding-envel ope ECMs (exceptinfiltration reduction) are
estimated by a vari abl e-base degree-day nethod using the change in UA-
value for the building conponents affected by the ECM space-heating
system efficiency (steady-state efficiency reduced several percent to
account for seasonal factors), and regional average degree day data
corresponding to the estimated house bal ance point temperature. The
savings of space-heating system EOM are estimated by cal cul ating
efficiency changes and using the estinated normalized annual space-
heating energy consunption. The BCRs are then cal culated using the
estimated installation costs and first-year cost savings, estinmated
lifetimes of the ECMs, appropriate financial assunptions, and a

di scounted BCR anal ysis technique. A BCR greater than 1.0 indicates that
the ECM saves nore noney through energy savings over the life of the ECM
than it costs to install; an ECMwith a BCR less than 1.0 will not save
as nuch nmoney as it costs. The calculations for the infiltration
reduction ECM are performed differently. The BCR for this ECMis
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selected and the amount of work that can be performed is then determ ned.

This is discussed in nore detail in Sect. 2. 3.

In the fourth step, ECMs with BCRs higher than a predeterm ned
cutoff value (at least 1.0) are selected for installation once the
interactions between EOM are considered. As discussed in Sect. 5.2, a
BCR cutoff value of 1.0 was chosen for this field test. I nteractions
bet ween ECMs becone inportant when both space-heating system and
bui | di ng-envel ope ECMs are used. For instance, attic insulation saves
energy by reducing the anount of heat needed to keep a house warm while
improving the efficiency of a furnace reduces the amount of fuel needed
to deliver the required amount of heat. The interaction between these
two ECMs causes their combined energy savings to be less than the sum of
the savings each woul d achi eve al one. Interactions between EOMs are al so
i mportant when the sane piece of equi pnent can be nodified by different
EOMs. For example, installing an intermttent ignition device or
installing a new high-efficiency furnace may both be cost-effective ECMs.
However, because a new furnace is already equipped with an ignition
device, these two ECVMs cannot be perforned on the same piece of existing

equi prent at the sane tine.

In the neasure sel ection technique, ECMs are generally selected in
descending order of their BCR until the cutoff value is reached.
Interacti ons between space-heating system and buil di ng-envel ope EQW are
handl ed by selecting the ECMwith the highest BCR and then recal cul ati ng
the BORs for the ECMs that interact. ECMs that interacted are sel ected
if the recalculated BCR 1s greater than the cutoff val ue. I nteractions
bet ween space-heating system ECMs only are handl ed sonewhat differently.
From anong the space-heating system ECMs that neet the BCR criteria and
interact, the ECMwi th the "nbst energy savings features" is sel ected.
In practice, this neans that the space-heati ng system ECMs are sel ected
in the following order: high-efficiency space-heating system (if its BCR
is also greater than a presel ected "interaction" value and its sinple
payback period is less than a presel ected period), gas power burner,

electrically-activated vent danper, intermttent ignition device,
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thermally-activated vent damper, outdoor tenperature reset control,
continuous circulation pump, and tuning the existing space-heating
system The "interaction" value nust be equal to or greater than the
cutoff value. The "interaction" value and the value for the sinmple
payback period are chosen by the user based on judgenent and experience.
For this field test, the "interaction" value was 1.25% and the sinple

payback period was 8 years.

In the fifth and final step, the selected ECVs are listed in a work
order that can be used by the weatherization installer. The work order
lists the work to be performed, the anmount of material and | abor required

for each ECM, and a cost estimate for the job.

Emer gency repair work and systemrepl acenents are considered in the
t echni que and i ncl ude new space- heati ng system new water-heating system
roof repairs, attic access, wall repairs, repair existing attic and floor
insul ation, plastic ground cover in the craw space, craw space
ventilation, noisture problenms, vent piping extensions, and wring
repairs. The decision on whether to perform these enmergency repairs is

made by the auditors based on their judgenent and previous training

2.3 | NFI LTRATI ON REDUCTI ON PROCEDURE

Under the neasure sel ection technique, the installation of
infiltration reduction ECMs is performed foll owi ng a bl ower-door gui ded
infiltration reduction procedure (Schlegel 1990, Schlegel et al. 1986,
Gettings et al. 1988). The intent of the procedure is to increase the
energy savings obtained frominfiltration reduction work and to reduce
costs. This is acconplished by using a blower door to |ocate mmjor house

leaks and to determne the |level of work to perform

Two guidelines are used in the procedure: a nmininumventilation
guideline and a BCR guideline. Tightening of houses to air-|eakage rates
bel ow the minimum gui deline m ght cause noisture and indoor air quality
problems and is not likely to be cost effective. The mninumventil ation
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guideline is established for each house dependi ng on house size, nunber
of occupants, nunber of snokers, and/or other appropriate criteria. The
BCR guideline sets the mninmumreduction in air-|leakage rate that nust
occur per $100 expenditure in order to remain above a fixed BOR The BCR
guideline is calculated using equations presented by Schlegel (1990},
Uhlike the other ECMs in the selection technique where the BCR is

cal cul ated for each ECM, the BCR for the infiltration work is set first
(based on program goals). The BCR guideline is established for each
house based on the fixed BCR sel ected, neasured space-heating system
efficiency of the house, local clinmate, local fuel costs, and appropriate
financial assunptions. For this field test, a BCR of 2.0 was established

for the infiltration work as discussed in Sect. 5.1.

A specially trained crew begins the procedure by checking to ensure
that no noisture problens currently exist. |If a noisture problemexists,
infiltration reduction work is suspended until the problemis corrected.
The crew then determines the air-| eakage rate of the house, using a
calibrated bl ower door, at 50 Pa of depressurization. Honmes whose air-
| eakage rate is less than the mni mumventilati on guideline receive no
treatment (except to seal leaks that directly affect comfort). Major
leaks identified using the bl ower door are sealed in the houses whose
air-leakage rates are greater than the m ni mumventil ation guideline.
Periodically, the crew checks the effectiveness of their latest increnent
of work by determning the cost of the work and the reduction in the air-
| eakage rate that has occurred. The crew stops working when the air-
| eakage rate falls bel ow the mninumventilation guideline or when the
effectiveness of the their latest increnent of work (ratio of achieved

reduction to costs) is less than the BCR guideline.

In order to incorporate the infiltration reduction procedure into
the neasure sel ection technique, the BCR for the infiltration work is set
at a value greater than or equal to the predeterm ned cutoff value for
the neasure selection technique (if the BCR is set at a value |ower than
the cutoff value, the selection technique would not recomend any

infiltration work). Depending on when infiltration reduction work is
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perforned relative to the sel ection technique, the energy savings of Che
infiltration work can be estimated in the selection technique based on
either an estimate of the current air-|eakage rate of the house, on a
nmeasured value for the current air-leakage rate, or on the actua
reduction in the air-leakage rate that is achieved following the
infiltration procedure. Because the infiltration reduction procedure is
applied to every house ({the BCR is always greater than or equal to the
cutof f value), the procedure can be perforned before conpleting the
measure sel ection technique to select other ECMs. Under the infiltration
reduction procedure, the actual reduction in the air-leakage rate is
neasured (equal to the air-leakage rate nmeasured at the start of the
procedure mnus the air-leakage rate neasured at the end). The energy
savings of the infiltration work can be estimated based on this neasured
reduction, naking this the nost accurate of the three nmethods. However,
the auditor cannot select the remaining ECMs for the house in this case
until after the infiltration reduction work is conpleted. |If the

sel ection technique is to be conpleted first, energy savings nust be
estimated based on the current air-|eakage rate only. The current air-

| eakage rate of the house can be estimated at the tine the house is
audited fromthe visual appearance of the building. Al though this is the
easiest approach, the resulting estimate of the energy savings is also
the least accurate. The current air-leakage rate can be measured by the
auditor using a blower door at the tine the house is audited. Al though
this requires additional time to be spent by the auditor in the field,
the estimate of the energy savings is nore accurate because it is based
on a measured value. An additional advantage of this latter approach is
that houses that do not require infiltration work (whose current air-

| eakage rate is bel ow the m ni mum guideline) can be identified,

elimnating the need to send an infiltration reduction crew to the house.
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3. FIELD TEST DESI GN AND IMPLEMENTATICN

3.1 GENERAL APPROACH

The field test was perforned in Buffalo, New York. The annual
heati ng degree days (base 65°F) for Buffalo is 6910. & 100 houses
meeting the selection criteria identified in Sect. 3.2, 89 were nonitored
for the duration of the field test: 45 houses received a nmx of ECMs as
sel ected by the neasure selection technique (audit houses) and 44 served
as a control group. A stratified random assi gnnent procedure descri bed
in Sect 3.2 was used to hel p achi eve pre-weat herization equality between

the audit and control groups.

The field test was conducted over a two-year period. Pre-
weat heri zation data were collected for all the houses during one w nter
season (January to April 1988). ECW were installed in the audit houses
bet ween August and Novenber 1988. Post - weat heri zati on data were
collected for all the houses during the follow ng wi nter season (Decenber
1988 to April 1989).

The follow ng time-dependent data were collected weekly for all the
houses during the two winter testing periods: house gas consunption,
house el ectricity consunpti on, space-heating gas consunption, and wat er -
heati ng gas consunption. Hourly indoor tenperatures were nonitored in
each house and hourly outdoor tenperatures were nonitored at three sites
near the houses. The following time-independent infornation was al so

coll ected or neasured during the field test:

1. house and occupant descriptive infornmation identified in Table
3.1 in February and March 1988,

2. house air-leakage rates in the audit and control houses in July
and August 1988 (before any EOMs were installed in the audit
houses) and again in Cctober and November 1988 (after all EQOW
were installed in the audit houses),
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Table 3.1. House and occupant descriptive Information

Cener al
Experi mental program
House identifier
| nt ervi ewner
Date of interview
Occupant's nanme and phone nunber
House | ocation
Uility distributors

House
Type
Nunber of floors
Age
Foundation and roof type
Roof and external wall colors
Nunber and description of roons typically closed off
Total and heated floor areas
Eval uation of factors affecting air infiltration
Pl an vi ew and sketch

Qccupancy
Onner shi p
Length of time at residence
Per manent nunber by age group
Average nunber at hone during the day

Space-heating system

Type

Fuel

Dstribution fluid and method

Nameplate information {manufacturer, model, input and
out put capacities, and efficiency)

Locati on

Coal or oil conversion unit

Energy efficiency devices present (vent danper and intermittent
ignition device)

Pilot light use pattern

Auxi liary heat use

D stribution system
Total length of ductwork or piping
Length of ductwork or piping in unconditioned spaces
I nsul ation thickness
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Table 3.1 (continued)

Ther nost at
Type
Number
Nameplate infornation (nanufacturer and nodel)

Wt er - heati ng system

Fuel
Storage type
Heater type

Nanepl ate informati on (manufacturer, nodel, tank size,
i nput capacity, and recovery)

Hot water tenperature

Bl anket thi ckness

Locati on

Appl i ances
Type
Fuel
Locati on

I nsul ati on
Location and area
Construction
Type and thickness
Siding type (for walls)
Carpeted area (for sub-floor)

Wndows, glass doors, and non-glass external doors
W ndow type
Wndow treatnents
Area measurements per external wall facing
Nunber of w ndow panes
Non-glass door type
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space- heating system steady-state efficiencies in all houses in
June and July 1988 before any EOM were installed and again in
houses receiving space-heating system ECMs bet ween Cct ober and
Novenber 1988 after the EOM were installed, and

the ECMs actually installed in the houses and their costs.

A nore detail ed description of the data paranmeters and

instrunentation is provided in Appendix A Feedback regarding the field

test design and its inplenentation are also provided in this Appendi x.

Details concerning the collection and nmanagenment of the field data are

provi ded in Appendi x B.

3.2 HOUSE SH ECTI ON AND ASSI GNVENT

The popul ati on of houses studied were Iimted to those having the

following characteristies:

10.

occupants were a resident of Erie County, New York

gas service was provided by NF;

occupants were eligible for the Low-Income Home Energy

Assi stance Program (LIHEAP) adninistered by the state at the
time of being included in the field test (based on their 1987
Incone Tax Statement),;

houses were heated prinmarily with natural gas;

gas service was turned on

primary gas space-heating systems were operational;

houses were not scheduled to receive weatherization under
either the State's Watherization Assistance Program or NF's
Savi ngs Power Loan Program and had not received weat herization

by these prograns in the last 5 years;

houses were single-famly detached houses, but not nobile
homes ;

houses were occupi ed by the owner

occupants were currently paying their own fuel bills (bills
could not be paid by the county through vouchers);
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11. prihary space-heating systems were either gas furnaces or hot
wat er bollers;

12. donmestic water was heated with natural gas;

13. occupants were not planning an extended stay away from the
house during the winter nonitoring periods (a 1-2 week vacation
was acceptable);

14. secondary fuels (such as wood or kerosene) were not used to
substantially heat the house (use of a supplenental fuel a half
day per week or in the bathroomwas acceptable); and

15. nonthly gas consunption over the past year was weat her
dependent (could be correlated to outdoor temperature).

The first seven criteria defined the popul ati on of houses needed to
neet the basic objectives of the field test. The remaining criteria
narrowed the population to nake the experinent easier to perform inprove
the accuracy of the results, and ensure that audit and control groups
were not significantly different. The inportance of these
characteristics was described in detail in the experinental plan (Ternes
and Hu 1988).

Because all the houses in the population of interest could not be
studied, a sanple of houses representing the popul ati on were chosen.
Based prinmarily on cost considerations, the size of the sanple was
limted to 100 houses. The expected error in estimating the average
house savings achieved by the nmeasure selection technique with this
sanpl e size was determned to be acceptable. Selection of the 100 houses
was performed by identifying individual houses conformng to the
selection criteria, determning if the occupants were willing to
participate in the field test, and accepting themif they consented until
the 100 house quota was reached. This quota sanpling approach was chosen
because a nore fornal statistical sanpling technique such as random

sanpling required tine and funds that were not avail able.

The houses were assigned to either the audit or control group in May
1988 using a stratified random assi gnment procedure to hel p achi eve pre-

weat heri zation equality between the two groups. The strata were
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devel oped using two key variables that could significantly affect space-
heati ng energy consunption and the space-heating energy savings that
might be achieved by the measure selection technique. The type of space-
heating system (furnace or boiler) installed in the house was an
inportant criterion because the control systens and the way they deliver
heat are different. "Additionally, ECMs selected by the technique for a
given house depend on the house’s space-heating system due to hardware
and cost considerations. Pre-weatherization house gas consunption was an
i mportant criterion because the average consunption of the houses in the

audit and control groups should be the sane.

The annual gas consunption of each house was estimated using
previous billing data. The house consunptions were conpared to identify
the high and |ow energy users (houses in the upper and |ower 50th
percentile, respectively). The houses were classified into one of the
following four strata: high energy user with a furnace space-heating
system high energy user with a boiler, low energy user with a furnace,
and low energy user with a boiler. One-half of the houses from each
stratum were then randomy assigned to the audit group. The renaining
houses were assigned to the control group. The assignnents were nmade
after the pre-weatherization data were collected in order to ninimze the

effect attrition would have on creating unequal groups.
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4.  OOOUPANT AND HOUSE (HARACTER STI GS

CQccupant and house descriptive information was col |l ected during the
first heating season for the 89 houses remaining in the field test. This
information was obtained for each house through discussions with the

homeowners, visual observations, and |limted measurements.

4.1 QGOOPANT GHARACTER STI CS

The nunber of occupants in each house varied between 1 and 12 (see
Fig. 41. Nnety-two percent of the houses had five or fewer occupants,
and 39% had only one or two occupants. The average nunber of occupants
per house was slightly nore than three. The nost common nunber of

occupants per house was four.

Figure 4.2 illustrates the nunber of people in each age group wthin
each household size. The majority of the people in the households wth
only one or two occupants were retired adults; none were preschool-aged
children. Anmong the 17 houses reporting one occupant, 15 were retired
adults and two did not report an age group. Among the 18 houses
reporting two occupants, at |east one retired adult lived in 15 of the
houses and both occupants were retired in eight. As the household size
i ncreases beyond two, the presence of retired adults dimnished (the
houses were headed by non-retired adults) and the percentage of school -
aged and preschool -aged children within the fanily increased. Fifcy-five
percent of the 20 houses with four occupants had two non-retired adults

and two children.

The nunber of years in which each famly had resided at their

present address varied between 1 and 60 years, the nean being 18 years.
4.2 HOUSE CHARACTER STI CS

An average house participating in the field test was approxi mately

47 years of age and had two floors built above a concrete bl ock basenent.
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Fig. 4.1.
houses.

2 3 4 5 6 7 8 9 10 11
AVERAGE NUMBER OF OCCUPANTS PER HOUSEHOLD

Histogram of number of occupants for the field test
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Fig. 4.2. For each occupancy level, total nunber of people by age
group. For exanple, there were a total of 11 preschoolers, 27 school
age, 30 non-retired adults, 10 retired adults, and 2 people of unknown
age living in houses with four occupants.
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The non-basenent floor area of the house (which, in nost, was the nain
living area) was 1305 ftrl and the total floor area of the house (which

i ncl udes the basenent) was 2082 £t2-  The house was heated with a 19-year
old gas furnace and no auxiliary heat was used. The house had sone
fiberglass batt insulation in the attic but no insulation on the exterior

walls, floors, or foundation,

Most houses in the field test were neither new nor very old, having
been built during the 1930's through the 1960's. Their ages ranged
between 15 and 90 years and their average age was 47 years. Eighty-two
percent of the houses were between 26 and 65 years old with a
concentration of 34% bei ng between 26 and 35 years old (see Fig. 4.3).
Only four houses were built in the last 25 years, and only 12 were built

nore than 65 years ago,

A majority of the houses (84 of 89) had basenents and most of the
houses were nulti-story. If basenents are counted as a floor, four
houses had four floors, 61 had three floors, 20 had two floors, and only
four had a single floor. The basenments were typically made of concrete
bl ock, with concrete structures being the second nost popul ar
construction type. For the 84 houses with a basenent, the basenent fl oor
areas varied between 525 and 1240 fté)and averaged 824 ft 9 The ratio of
the basenent floor area to total floor area ranged from24 to 50%, with

the average bei ng 39%

The non-basenent floor area of the 89 field test houses averaged
1305 ft @. Al t hough the non-basenent floor areas varied anong the
i ndi vi dual houses by as nuch as 1659 ftz-(637 to 2296 ftza, approxi matel y
70% of the houses were between 1000 and 1600 ft ﬁ This distribution is
shown in Fig. 4.4 Total floor areas ranged from 866 to 3424 £t2 and
aver aged 2082 £t {the difference between this value and the average non-
basenent floor area is not equal to 824 ftq, the average basenent floor

area, because the basenent value is averaged over only 84 houses).
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Consi deri'ng only the floor areas presented above does not give an
accurate picture of the floor area that is heated. Twenty-four percent
of the honeowners reported that they typically closed off one or nore
roons of their house. In addition, sonme hormeowners did use their
basements as living area. Thus, neither non-basenent nor total floor
area adequately represents heated floor area. Anong the 84 houses having
basements, the basenents in 73 houses were not intentionally heated, I|ess
than two-thirds of the basenent area was heated in five houses, and the
entire basement was heated in the renaining six houses. Figure 4.5
illustrates the percentage of total floor area that was heated. This
graph shows that only eight participants heated their entire house and
that two heated as little as one-third of the total floor area of their
house. In the majority of the houses, between 50 and 75% of the total
floor area was heated; this range was expected because basenent fl oor
areas are typically between 30-50% of the total floor area. On average,
67% of the total floor area of the houses was heated. Heated floor areas
ranged between 623 and 2514 £ft2 and averaged 1315 £t2,

As specified by the house selection criteria presented in Sect. 3.2,
all primary space-heating systens were fueled by natural gas. Ei ghty-
seven percent of the houses had furnaces and the remaining had boilers.
Average age of the furnaces was 19 years while the boilers were slightly
older, with a nean of 21 years. An intermittent ignition device was
already installed on 18% of the systens at the start of the field test,
and 13% of the systens were already equi pped with a vent danper (11% were
thermal | y-activated vent danpers and the remaining were el ectrically-
activated) . The najority of the participants (75 of 89) did not use any
type of auxiliary heat. nly six participants reported using a portable
electric heater or a fireplace nmore than 15 hours a week. Among the
eight famlies that reported using either a fireplace insert, wood stove,
kerosene or |liquid petroleumgas roomheater, or built-in zone heater,

seven used this type of heater 12 hours or |ess a week.

Al of the houses had water-heating systens fueled by natural gas as

stipulated by the house selection criteria. The typical water-heating
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Fig. 4.5. Conparison of heated floor area of each house to its total
floor area (including basement floor area), The solid lines indicate
where the heated areas are 100, 75, and 50% of the total areas.
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systemhad a 40 gallon storage tank, an input fuel capacity rating of
36,332 Btush, and no blanket Insulation. The storage tank was typically
located in an unintentionally conditioned area (area nai ntai ned

unintentionally at nore than 55°F such as a basement).

A summary of the appliances found in the houses is provided in Table
4.1. Al houses had a cooking range and nost had an oven, clothes washer
and dryer, and a conventional refrigerator/freezer. Approxinately two-
thirds of the cooking ranges and ovens and three- fourths of the clothes
dryers were gas. Less than half the houses had a separate freezer or

di shwasher, and about two-thirds had a m cr owave oven.

The initial thermal condition of the 89 houses is shown in Fig. 4.6.
N nety percent of the houses had no foundation insulation, 62% had no
exterior wall cavity insulation, and 18% had no attic insulation; 15
houses in the study did not have any envel ope insul ati on what soever.

Because nost of the houses had basenents, few had any floor insulation.

The floor areas of the attics averaged 916 ftz, varyi ng between 518
and 1604 ft °. Most of the attics had a typical attic floor construction
as opposed to kneewall or sloped ceilings. Fifty-six percent of the
houses had their entire attic floor area insulated. Overall,
approxi mately 73% of the total attic floor area was insulated. Excluding
the 16 houses with no attic insulation, this percentage increases to 90%.
A distribution of the average R-value of the attic insulation in the 89
houses is shown in Fig. 4.7. Average R-values of 0, 6, and 18 OF-ft2.-
h/Btu (representing O, 2, and 6 in. of insulation installed uniformy
across the attic) were the nost common individual insulation levels. The
nmean val ue for the 73 houses with sone attic insulation (predomnately
fiberglass batt) was 9 °F-ft2-h/Btuw'th extremes of 0.4 and 27 ©F-ft2-
h/Btu. The average UA of the attics for all 89 houses was 150 Btu/h-°F,
and 114 Btu/h-°F for the 73 houses with some attic insulation (the UA

val ues include consideration of filmcoefficients and buil di ng boards).
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Table 4.1. Appliance use and fuel type
Appl i ance Nunber of houses % CGas % El ectric
Cooki ng range 89 68,,5 31.,5
Conventional oven 85 69..4 30,.6
M cr owave 61 0.,0 100.0
d ot hes washer 84 0,0 100,0
Cl ot hes dryer 77 72.,7 27.3
Refrigerator/freezer 85 0..0 100..0
Separat e freezer 34 0,.0 100,0
D shwasher 31 0.0 100.0
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The houses were, with only one exception, made of a frame structure
and were sided with either shingles, wood, slate, brick, aluminum, steel,
or vinyl. Total exterior wall area averaged 1372 ft2, rangi ng from 736
to 2170 ££2. The wall cavity in approxinmately 31% of the total exterior
wal | area of the houses was insulated. Considering only the 34 houses
that had at |east part of their wall cavities insulated, this percentage
increases to 80%. A distribution of the average R-value of the wall
cavity insulation in the 89 houses is showh in Fig. 4.8. The average R
value range of >10 °F-ft ".h/Btu represents houses having about 3.5 in. of
insulation in all exterior wall cavity areas. The two ranges of 0-5 and
5-10 °F-ft'2-h/Btu represent houses with Inconpl ete coverage and/or with
less than 3.5 in. of insulation in the wall cavities (it was comon
practice in previous years to only insulate wall cavities with 1-2 in.
batts). The nean value of the wall cavity insulation (predom nately
fiberglass batt or blown cellulose) in the 34 houses with sone wal l
insulation was 6 °F-ft2-h/Btu. The average UA of the walls was 313
Btu/h-°F for all 89 houses and 182 Btu/h-°F for the 34 houses with sone
wal | cavity insulation.

Because only nine houses had foundation insulation, the amount of
foundation area insulated in the 89 houses averaged only 4%. The nine
houses with foundation insulation had, on the average, only 40% of the
foundation insulated with a mean thickness of 2.8 in. Sill boxes were
found in 91% of the houses and were insulated in only 16% of the houses.

Total window area for each house averaged 179 ft °, varying bet ween
85 and 305 ft2. The predom nant type of w ndow used in the participating
houses was singl e-pane with a stormw ndow; seventy-eight of the 89
houses had nore than half of their house wi ndow area installed with this
type window. The anount of wi ndow area in each house for each category
was conpared to total w ndow area and averages were conputed with the
following results: 8%of total w ndow area was singl e-pane w thout a
stormw ndow, 81% was single-pane with a stormw ndow, 9% was multi-pane
without a stormw ndow, and 3% was nul ti-pane with a stormw ndow
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houses at the start of the experinent.
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4.3 OOWAR SON CGF AUD' T AND GONTRQL GRAUPS

As discussed in Sect. 3.2, the fleld test houses were divided into
audit and control groups at the end of the first heating season using a
stratified random assi gnnent procedure to hel p achi eve pre-weatherization

equal ity between the two groups.

After assignnent, inportant house characteristics other than the two
used in the assignment procedure (type of space-heating system and pre-
weat heri zati on house gas consunption) were conpared to determ ne whether
any significant differences existed between the two groups. The neans of
the follow ng vari abl es were conpared using a two-sanple t test: total
floor area, non-basenent floor area, basement floor area, heated floor
area, attic floor area, percent of attic floor area insulated, UA of the
atties, Uof the attics, wall area, percent of wall cavity area
insulated, UA of the walls, U of the walls, foundation type, area of
foundation insul ated, percent of foundation insulation insulated,
presence of sill box insulation, w ndow area, percent of w ndow area
represented by different wi ndow types, percent of exterior door area with
a thermal door or stormdoor, age of the space-heating system presence
of an intermttent ignition device, presence of a vent danper, house age,
nunber of floors of the house, and nunber of occupants. To verify an
assunption of the t test that the variances of the two groups are equal,
the variances of the control group were conpared to those for the audit
group to check for equality. Qher variables such as house type and
types of auxiliary heat used were exam ned by conparing their
distributions.

At a significance level of 95%, the only difference found between
the two groups involved the level of wall cavity insulation present at
the start of the field test. |In the control group, 42% of the wall
cavity area was insulated, whereas only 19% of the wall cavity area was
insulated in the audit group. The nean U-'f actor for the walls was 0.21
Btu/h—ftz—oF for the control group and 0.25 Btu/h-ft2-°F for the audit

group.
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This difference should not affect adjustrment of audit house savings
by the control group savings (as will be discussed in Sect, 8.2) because
the presence of wall cavity insulation should not significantly influence
changes in occupant behavior. This difference may make the pre-
weatherization space-heating energy consunption of the control houses
less than the audit houses. Additionally, the percentage of audit houses
receiving wall insulation nay be nore than what would occur in a |arger

sample.
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5. MEASURE SELECTION TECHN QUE | MPLEMENTATI ON

5.1 DEFAULT VALUES AND | MPLEMENTATI ON APPROACHES

N neteen ECMs identified in Sect. 2.2 were considered in the neasure
sel ection technique. Qptions included in the technique for |owering
thernostat settings for space-heating systens were excluded as di scussed
in Sect. 5.3. Options for installing low-flow shower heads and faucet

flow restrictors were excluded for programmatic reasons.

The technique was tailored to use local installation costs for ELMs
provided by NF (seeTable 5.1). The range of cost values for wall, attic
floor, and sloped ceiling insulation are due to the different materials
that can be used (blown cellulose and bl own or batt fiberglass), attic
constructions, and siding types. The costs for interior foundation
insulation cover a wi de range depending on the method required to install
it. Fiberglass batts were assuned to be used to insulate attic kneewal |
areas, floors, and sill boxes. Lifetinmes of the ECMs assuned in the

technique are presented in Table 5. 1.

A weather file containing average daily outdoor tenperatures from
1988-1989 was conpiled by WECC for Buffalo for use by the selection

technique. The annual heating degree days (base 65°F) used for Buffalo
was 6910.

The cost of natural gas assuned in the technique was $5.10/MBtu.
This was NF's current residential retail price of natural gas at the tinme
the technique was set-up for the experinent in early 1988. (The price
i ncreased to $5.79/MBtu on Cctober 12, 1988)., The discount rate used in

the econom c cal culations was 5%.

Multiple contractors were used to inplenment the neasure sel ection
technique in the field and to install recommended ECMs. The contractor
enpl oyed by NF to performtheir current audit systemwas used to audit

the houses and to performinfiltration reduction work. This contractor's
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Tabl e 5. 1. Installation costs and lifetimes of energy
conservation measures assumed in the measure selection technique

Costd.P Lifetime
(5) {(vears)

Bui | di ng- envel ope measures:
wal | insulation 83.5 in.)¢ 0.72—0.99/ft2 20
attic insulation

attic floor 0.026-0.042/£t2/R 20

sl oped ceiling 0.056-0.09/ft2/R 20

kneewall 0.026/£t%/R 20
infiltration reduction 30/h 10
storm W ndows

exterior 6.00_/ft2 15

interior 7.16/ft2 15
floor insulation 0.05/ft2 R 20
sill box insulation 0.029/ft</R 15
interior foundation insulation® 0.05-0.37/ft2/R 20
Space- heati ng system measures:
space- heati ng system tune-up 45 each 2
intermttent ignition device 225 each 10
thernmal vent danper 66 each 10
el ectro- mechani cal vent danper 220 each 10
gas power bur ner
out door reset control schene 250 each 15
conti nuous circul ation punp 50 each 15
new high-efficiency equi pment

83% SSE boi | er 2060 each 15

90% SSE condensi ng boi |l er 2450 each 15

85% SSE f ur nace 1375 each 15

95% SSE condensing furnace 1900 each 15
Wt er - heati ng system measures:
i nsul ation bl anket 43 each 15
thermal vent danper 60 each 10
low-flow shower heads 16 each 10
faucet flow restrictors 7.50 each 10
hot water line insulation 0.82-0.92/ft 10
reduced hot water tenperature 2.40 each 3

4R used in colum neans per R-value of insulation installed.

DThese costs were the average costs estimated for the three insulation,
three heating system and one bl ower door contractors.

CCost ranges due to different siding types and insulation materials.

dCost ranges due to different attic constructions and insul ation
materials.

€Cost ranges due to different installation techniques.
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personnel were experienced auditors trained to perform NF's current
audit, which is conputerized and requires a level of information simlar
to the tested nmeasure sel ection technique. After a bidding process,
three local contractors were selected to install buil ding envel ope
(insulation) ECMs reconmended by the selection technique and three
different contractors were selected to install space- and water-heating

system ECMs.

For the field test, the infiltration reduction work was perforned
before the remaining EOMs were installed. The initial air-leakage rate
measured at the start of the infiltration procedure was used in the
sel ection technique to predict the energy savings of this work. This
simul ated the approach where the auditor woul d neasure the rate at the
tine of the initial visit. The BCR for the infiltration work was set
equal to 2.0 for two reasons. First, infiltration work shoul d be
recomrended by the sel ection technique in all houses with an initial air-
| eakage rate greater than the mni mum gui deline. Because the BCR cut of f
val ue was expected to be less than 2.0, a BCR of 2.0 was selected for the
infiltration reduction work. Second, results fromprior research has
indicated that expenditures for infiltration work are large but the
savi ngs achieved are hard to predict and nay be rmuch small er than
expected. In order to reduce expenditures on infiltration reducti on work
(freeing funds for other ECMs) and to help ensure that the infiltration

reduction work performed woul d be cost effective, a high BCR was
selected. The minimum ventilation guideline for the houses was usually

between 1500 and 1800 c¢fm50. The BCR guideline was generally 650 cfm50

reducti on per $100 expenditure.
5.2 BENEF T- TO QOST RATI O QUIGF SH.ECTI ON

The average anount of noney spent on a house in the weatherization
program and the overall BCR of a programcan be controlled indirectly
through the selection of the BCR cutoff used by the technique. If a high
cutoff value is chosen, only ECMs with high BCRs will be Installed in

each house. This reduces the average amount of noney spent per house on
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ECMs but also reduces the total savings for the house. Overall, the
ratio between total savings and costs of the ECMs only increases. |If a

| ower cutoff value is chosen, nore EOM will be installed, on average, in
the houses. This increases the average amount spent per house on ECMs
but al so increases the savings for the house; the rati o between total

savings and costs of the EOM only decreases.

The effect of admnistration costs and cutoff values on the BCR for
a programis shown, hypothetically, in Fig. 5.1. The BCR for the program
can be defined as the present value of the benefits expected fromthe
reconmended ECMs divided by the total estimated cost associated with
installing the ECMs. Considering total cost to be just the costs
required to install the recomrended ECMs, the BCR for the program
increases as the value of the BCR cutoff is increased {(althoughboth
savings benefits and costs decrease as the BCR cutoff is increased, the
savings benefits decrease nmore slowy than the costs of the ECMs). For
this case, the BCR for the programis always higher than the cutoff val ue
because all individual ECMs with a BCR equal to or greater than the
cutoff are performed. Considering total cost to be the cost of the ECMs
plus adninistration costs (costs associated with identifying houses,
checking eligibility, auditing houses, inspecting installations, and
program operation), a nmaxi num BCR for the programw |l result. Choosing
a BCR cutoff greater than the value that maxi m zes the program BCR causes
the program BCR to decrease because there are fewer ECMs and, hence,
fewer benefits to offset the fixed costs associated with each house.
Selecting a cutoff less than the maxi m zi ng val ue causes the program BCR
to decrease because the new recommended EOMs have BCRs less than the

maximum.

The value for the BCR cutoff to be used in a weatherization program
depends on objectives of the weatherization program (such as a desire to
maxi mze the BCR for the programor install all cost-effective ECOW) and
program constraints (such as expenditure guidelines). For the field
test, the cutoff value was chosen to be 1.0 because all cost-effective

ECMs are perfornmed in the house once it is identified as being eligible
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Fig. 51  Benefit-to-cost ratio (BCR) for a hypotheti cal
weatherization programas a function of the BCR cutoff used in the
neasure Selection techni que for three different adninistration costs_
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for the program At this value, the average antici pated expenditures per
house for ECMs only ($1500) remained within the original budget for the
field test. ne possible problemwth this choice is associated with the
uncertainty of the energy savings predicted for the ECMs with BCRs near
1.0 ECMs with a BCR near 1.0 are marginally cost effective. |If the
energy savings for these ECMs are just slightly less than predicted, the

cost savings may not be sufficient to justify their installation.

A logical choice for the cutoff value could have been the val ue that
maximized the BCR for the program Two problens with this approach nay
nmake the program adm nistratively unattractive. First, expenditures for
ECMs (and, hence, expected savings) anong the audited houses becone very
unequal |y distributed: a large portion of the expenditures are
concentrated in a small set of the hones and little noney is spent in
many honmes. Second, in the hones in which little noney is spent, the
adm ni stration costs are nore than the costs associated with installing

the ECMs. Additional discussion of BCR cutoff and its selection is
provi ded by Zi nmerman (1990),

5.3 H E.D BEXPER ENCE

Two ECM6 included in the technique were not used in the field test:
havi ng the occupants naintain a reduced thermostat setting for all hours
of the day and enploying a night or day setback strategy (depending on
occupancy patterns) either through occupant control of the thernostat or
installation of a clock thernostat. Under the sel ection technique, the
auditor estimtes the occupants’ current thernostat setpoint practices
through discussions and visual observations, determ nes whether these
ECMs are applicable, and estimates the extent to which the occupants
woul d follow recomrendations for altering their current practices.
Despite these steps and regardl ess of the experience |level of the
auditor, we felt that the savings fromthese ECMs could not be accurately
predi ct ed because of the uncertainty regarding the occupants’ current
behavior and the extent to which they would alter this behavior. W also
felt that the level of training needed to make these EcMs effective would
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not be provided under the planned weatherization program A supplemental
analysis to be discussed in Sect. 6.1 indicated that only one clock

thernostat woul d have been recommended if it had been consi dered.

If the two ECMs identified in the previ ous paragraph had been used
inthe field test, the selection techni que woul d not have been flexible
enough for our needs. At the tine information is entered, the auditor
must sel ect whether to reduce the thernmostat setting nanually (by the
occupants) or autormatically (by a clock thermostat). Both options cannot

be conpared within the technique at the same tinme.

e limtation of the measure selection technique is that the
addition of different levels of insulation cannot be examined for a
particul ar ECM (especially noticeable for attic insulation). At the tine
information is collected by the auditor (or while it is input to the
computer), the auditor nust select the level of insulation to be added.
If the BCR of the EOM at the selected level is less than the cutoff
value, the ECM is not recommended even though the BCR at a | ower
insulation level mght be acceptable. |If the BCR of the ECM at the
selected level is greater than the cutoff walue, the possibility that a
hi gher level of insulation would al so be acceptable is not known. A
lower or higher level of insulation can only be studied by editing the

input file and rerunning the program for the house.

In identifying windows to be considered for stormwindows, the
presence and condition of existing stormw ndows should be taken into
account. If, in an auditor's opinion, an existing stormw ndow has
deteriorated to the point that it is no longer effective, then the w ndow

shoul d be assuned to be without a storm

A 60°F bal ance point tenperature was assumed for all houses because
a uni que value for each house could not be identified using the method
provided in the technique. |In about 75% of the audit houses, a 58°F
bal ance point tenperature woul d have been selected by the auditors. This

result and other information obtained from exam nation of the nethod
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indicate that an auditor is not able to discern differences between
sel ected bal ance points fromvisual examnations of data plots. A 60°F
tenperature was recommended by WECC to be reasonabl e based on their

experience with the nmeasure sel ection technique.

The length of the training courses provided to field personnel on
the selection technique (4 days) and the infiltration reduction procedure
(2 days) were likely not adequate. The four-day training on the
sel ection technique centered on entering infornmation into the persona
conputer and performng the conputer calculations. A though previous
experience with spreadsheet prograns is not required to use the
technique, NF personnel felt that having sonme experience allowed a nore
t hor ough under st andi ng. This training was well received and, for the
experience |level of the personnel, was adequate. NF personnel felt,

t hough, that additional tine spent in the field training auditors on how
to collect the information (especiallythat peculiar to this technique),
to conplete audit forms, and to nmake deci sions regardi ng energency

repairs could have reduced problens encountered in the field test.

The two-day training course on the bl ower-door guided infiltration
reduction procedure centered on the theory behind infiltration, operation
of the bl ower door, and maki ng measurements. Training on |ocating and
sealing | eakage sites was al so covered through slide demonstrations,
l[imted field demonstrations, and discussions. This latter training may
not have been sufficient to train crews on how to cost-effectively sea

leaks, as will be discussed in Sect. 7.1.

The work order produced by the sel ection technique was not usefu
for the field test. The work order is designed for use in progranms in
which a single creww Il be performng the work or contractors will be
paid the same price for a givenjob. In the field test, nultiple heating
and insulation contractors were selected to install the same EGMs, and
their costs were slightly different for the same work perforned. The
work order was not used because separate work orders for the tw types of

contractors enployed (insulation and heating systen) could not be
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produced, average prices were listed on the printed work orders instead
of contractor specific prices, and it took too long to use the work order

software.

The use of multiple contractors to install identical EOM al so
affects the accuracy of the installation costs predicted by the
technique. ily a single material and hourly installation cost can be
assigned to each ECM in the technique. If nmultiple contractors are used,
an average val ue between contractors is used for the material and hourly

costs,

Two facets of inplementing foundation wall insulation in the
sel ection techni que affected the frequency this ECMwas reconmmended (to
be discussed in Sect. 6.1). First, the feasibility of this ECMfor a
particul ar house was deternined by the auditor based on personal
judgnents after observing whether the house was of balloon construction
(such a house has no foundation exposed to the outside air), noisture was
| eaking through the basenent walls, and there was considerabl e shel ving
installed along the foundation walls. Second, a typographical error
occasi onal |y occurred when inputting the percent of foundation wall area
above grade. Instead of typing 0.34 (to represent 34%), a 34 was

entered, making the percentage 3400%.

In New York, an insulation jacket and vent danper cannot both be
installed on the gas water heater according to |ocal codes and wi t hout
invalidating the manufacturer’s warranty. Under the neasure selection
techni que, both ECMs coul d be recommended. However, both ECMs were never
recommended simultaneously in the field test because of actions taken by
the auditors in the field. On the audit data form the auditors woul d
indicate that a vent danper could not be installed on all old water
heaters without a jacket. This action was taken under the assunption

that bl anket insulation was a higher priority ECM

In evaluating a reduction In the hot water setpoint tenperature, the

t echni que does not specifically consider whether a dishwasher is present
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and if it has its own water heating element. 1In the field test, the
auditors considered this in evaluating the potential of this ECM.
Because of the nunber of calls received concerning the hot water
tenperature after being reduced in the houses, it is likely that
occupants readjusted the tenperature to a higher tenperature.

During the field test, NF personnel were concerned that a
recommendation on a proper size for a new space-heating systemwas not
included in the technique. A properly sized space-heating system shoul d
be installed to achieve expected savings and maxi mum efficiency. The
size of the present space-heating system, the degree that it may be
incorrectly sized, and the energy load reductions that will occur due to
the installation of other ECMs in the house need to be considered in
sizing the new system. Because only a few new space-heating systems were

installed, this was not a problem during the field test.

Approxi mately 4 person-hours were required to performthe techni que
per house. These hours were broken down as follows: 2.5 person-hours to
collect the field data {(includingdriving time); 0.75 person-hours at the
office to interpret field drawings, performcalculations in the audit
form, and conplete the audit form and 0.75 person-hours to input the
information into the conputer, performthe conputer calculations, and
obtain the recomrended ECMs. A detailed drawi ng of each house was
prepared in the field which increased the field tine. Al though such a
drawi ng was not a requirenment of the selection technique, it proved to be
very valuable, especially to explain differences between the anount of

work to be perforned as determined by the contractor and the technique.
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6. ENERGY CONSERVATI ON MEASURES

Information on the EOM installed in the audit houses, the costs of
the installations, and the energy savings predicted by the sel ection
technique for the EOM are summarized in Tables 6.1-6.3. This
information is presented for the individual houses in Tables 6.1 and 6.2,
and summari zed by individual EOMs in Table 6.3. As discussed in Appendi x
C an error found in the selection technique adversely affected the ECV
installed in nine of the 45 audit houses: ECMs that were not cost
effective were incorrectly recomrended for installation and, conversely,
EOM that were cost effective were not. Table 6.1 presents infornation
on the audit houses that were not affected by this error; Table 6.2
presents information for the nine affected houses. The infornation in
Table 6.3 is that for the 36 unaffected houses only. Infornation
collected on the nine houses renains useful in studying the accuracy of
algorithnms used in the selection technique to predict energy savings and
installation costs; information fromthese houses cannot be used, though,
to represent the energy savings that would result fromuse of the

corrected technique or the types of EOW that woul d be install ed.

6.1 RECOVVENDED AND | NSTALLED MEASURES

As shown in Fig. 6.1, only 11 of the 19 EOMs considered by the
techni que were actually installed in any of the 36 audit houses (a new
wat er heater is not considered an EOMw thin the techni que but was
installed in one house as a repair item). Three water-heating system
EOMs (pipeinsulation, tank insulation, and tenperature reduction) as
well as attic, wall, and sill box insulation were frequently performed.
Space- heati ng system tune-ups were frequently performed in the audit
houses to ensure that the systens were operating safely and to avoid any
liability issues (a programmati ¢ decision inplenmented through the measure
sel ection technique), although energy savings were still expected. In
only a few cases was a tune-up recomrended based only on the cost
effectiveness of the expected energy savings. A tune-up was not

perforned in a few houses because of an error in the neasure sel ection
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Table 6.1,
for the 36 audit bouses umaffected by an error

Bouse-by-house listing Of energy comservatiom neasure information
in the measure selection technique

Energy conservation neasures installed® Measures
Measures with Measures with recommended Installation_cost Predicted savings
estimated savi ngs estimated savi ngs but not Actual Estimated Installed Reconnended
House >75 therns each <75 therns each install ed CcS) (€] {therms/year)
IF AT WB , WP 791 1123 373 430
3  AILWI IF ,WB,RT, WP, TU FL,SI 1521 1483 473 397
14 AI,WI IF ,WB,SI,RT,WP,TU 1851 1674 357 327
16 IF,5I,WP,RT,WH,TU 615 449 94 70
26  W[,AI WB,SI,WP,TU IF 1956 1085 266 261
28  AI,WI IF,S1,wB,TU,RT,WP 1449 1503 365 359
48 AT W1, WE, TU,RT,WP IF 439 403 160 187
59 wB,IF,SI WP, RT,TU Al 253 199 67 97
68 W.A IF,WB, WP, TU 2144 2346 453 665
70  AILMWI WB,WP,RT,TU, IF WD, 58I 1476 1258 396 451
72 WB,TU, IF,SI,WP,RT 291 220 97 137
76 IF ,RT,SI,WE,TU FW 265 335 67 143
79  AIWI,IF TU,WB, WP 2080 3172 795 932
84  WI AL 5I,WP,RT,TU IF 1436 1310 270 280
86 WI AT ,FL IF,RT WP, IU 2585 2428 499 625
88 WI Ai,H‘B,RT,IF.FL,WP,TU 2909 2895 484 714
91 WI,AI IF,S1,TU,WP,RT 2100 2477 582 658
105  AI,WI WB,IF WP, TU 1560 1556 297 403
106 W.A TU, IF, WB, WP, RT S 1738 1933 453 501
110  WI,AI IF,TU,WP WD 2131 1875 438 456
113 TU WP WD, IF 97 121 20 69
15 W AI,TU,WB,RT,IF,SI,WP 1111 850 224 227
120 Al WB,IF WP, RT FL 686 1148 250 407
124  AI,WI SI,TU IF WP 2086 1730 358 390
129 WB,AI WP, IF, TU 583 459 69 209
143 W WB,IF,RT,WE,TU Al 1505 1859 319 386
146 W AL, IF ,WH WP, RT,TU 2466 1964 471 481
147  FW W8 FL,IF,SI,RT WP Al 656 580 312 356
148  WI, Al WB,TU IF RT WP SI 2474 2049 557 539
154 A IF ,WB,SI,RT, WP, TU 701 790 265 346
155 CF,AI,IF WB,SI,RT,HP FW 2474 3008 800 921
156  AI,FW,WI,IF RT WP, TU . 2691 2666 803 9ag
165 A FL,IF ,RT,WP,TU W 935 1206 320 467
167 W IF ,WB, TU,AI WP 1672 1590 294 377
170 W AI MB,SI,WP,RT, TU,IF FL 1634 1583 285 355
172 A IF,S5I,WB, WP, TU W 942 1716 173 381

a'Energy conservation neasures are listed in order of |argest estimated savings

A -
CF -
FL -
FW -
IF -

attic insulation MB - mid-efficiency boiler VWB - water heater tank insulation
condensi ng furnace RT - reduce water heater tenperature WD - water heater vent danper
floor insulation Sl - sill box insulation WH - water heater

foundation insulation TU - space-heating system tune-up W - wall insulation

infiltration reduction \Aork VD - thermal vent danper WP - water heater pipe insulation
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Table 6.2. Houseby-house listing Of energy consarvation measure imformation Cor
the nine audit houses affected by an exror in the measure selection technique

Energy conservation neasures inatal;ed. Measures

Measures W th Measures With recommended Installation cost Predicted savings
estimated savings estimated savings but not Actual Estimated |Installed Recommended
House >7S therms each <75 therns each installed 9 (8 (therms/year)

9 MB,WI,AI WB, IF, WP TU,FL,SI 4139 2976 995 769
29 Wl AL IF,WP,TU 1842 1638 311 407
73 Al WB,5I,WP,RT IF 462 377 150 177
8 W IF ,WB, TU,WP 1557 1819 305 438

131 IF ,WB,5I WP 212 158 63 71
141 W WB,IF,SI,WP,TU 1242 1677 230 395
153 RT,WP,TU IF 155 81 31 84
166  AI,WI WB,IF,SI,RT,TU 1352 1333 369 373
169 IF,AI,SI,WB, WP, TU 315 220 100 101

aEnergy conservation measures are listed in order of largest estimated savings

Al -
_F -
FL -
W -
IF -

attic insulation MB - nid-efficiency boiler WB - water heater tank insulation
condensi ng furnace RT - reduce water heater tenperature WD - water heater vent danper
floor insulation Sl - sill box insulation WH - water heater

foundation insulation TU - space-heating system tune-up W - wall insulation

infiltration reduction work VD - thernal vent danper WP - water heater pipe insulation



Table 6. 3. Sumnary of information on comservatiom neasures installed in the 36 audit bouses
unaffected by an error in the measure selection technique

Rumber of houses Average installation cost ($) Average predicted enerav savinss (themms/vear) °
Measur e Instalied Recommended  Actual ® Estimated® Actuall Estimated®  Installed® Recommended® Installed® Recommended”
Hal | insulation 23 25 1187 1126 758 749 193 185 123 123
Attic insulation 29 32 473 445 381 366 145 148 117 121
Infiltration 31 36 70 175 61 153 36 83 31 7
Fl oor insulation 4 7 159 144 18 21 44 44 5
S Il box insulation 17 20 60 34 28 18 15 13 7 7
Interior foundation insulation 2 4 382 253 21 20 214 225 12 15
Space heating-system t une- up 32 32 67 45 60 40 8 24 8 21
Condensing furnace 1 1 1755 1900 49 53 516 516 14 14
Hater heater 1 1 351 275 10 8 [¢] [¢] 4 (]
Mater heater tank insulation 26 26 56 43 40 31 25 25 18 18
Hater heater vent damper 0 3 0 0 5} 5 0 Q 0 2
Wat er heater pipe insulation 35 36 22 22 9 6 6 6 6
Reduce water heater tenperature 25 25 7 2 5 1 9 9 6 6

8average based on data fromonly the houses in which the particul ar energy conservation neasure was actually installed.

bverage based on data fromall 36 audit houses.

% Reconmended savi ngs is based on all energy conservation neasures initially recomended by the nmeasure sel ection technigque. The installed savings
excl udes the savings of neasures that were not installed and uses re-estimated savi ngs based on the degree to which each neasure was installed
(for exanple, the actual area insulated or the actual anmount of infiltration reduction achieved).

87
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HOT WATER PIPE INSULATION

SPACE-HEATING SYSTEM TUNE-UP

INFILTRATION REDUCTION

ATTIC INSULATION

WATER HEATER TANK INSULATION

REDUCE HOT WATER TEMPERATURE

WALL INSULATION

SILL 80X INSULATION

FLOOR INSULATION

INTERIOR FOUNDATION INSULATION

SPACE-HEATING SYSTEM REPLACEMENT

WATER-HEATING SYSTEM REPLACEMENT

0 10 20 30 40 50 60 70 80 0
RELATIVE FREQUENCY (%)

Fig. 6.1. Installation frequency of energy conservation neasures in
the 36 audit houses. (A new water heater was not considered a neasure

within the measure selection technique but was installed in one house as
arepair item)
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technique. Infiltration reduction work was also a commonly perforned
ECM. The infiltration procedure was applied to all 36 houses, but
sealing work was not performed in 5 houses because the infiltration rate
was al ready below the mninmum guideline. Floor insulation, foundation

i nsul ation, and space-heating system replacenent were ECMs infrequently
perforned in the audit houses. Floor insulation was infrequently
recommended because nost of the audit houses were built with basements,
for which floor insulation is generally not considered to be an

appropri ate ECM.

Foundation insulation was not frequently installed because of the
aspects identified in Sect. 5.3. Based on the auditor's observation of
basement conditions {moisture and wall shelving) and house construction
(balloon type), foundation insulation was determined to be feasible in
only eight of the 36 houses. In all eight of these houses, only smal
portions of the foundation area (less than 200 ft % wer e being
considered; full foundation insulation was determined to be unfeasible in
all the houses. In four of the eight houses, foundation insulation was
not recomended by the measure sel ection technique because the wall
percentage above ground was input incorrectly (this error decreased the
energy savings to nearly zero, but did not affect the cost, naking the
BCR about equal to zero). O the remaining four houses, the ECMwas
installed in only two houses because of an additional input m stake

regardi ng the house construction.

Even though space-heating system replacenent can save a significant
anount of energy, this ECMwas perfornmed in only one house. In a
previous field test of the selection technique in Wisconsin (MQld et
al. 1988, Ternes et al. 1988), approxinmately a third of the houses
recei ved space-heating systemreplacenents (although, in this test, ECMs
with BCRs less than 1.0 were installed to achieve an average expenditure
of $1400/house). |In this study, space-heating systemrepl acenent was
cost effective if considered by itself in six of the 36 audit houses
(25%, with BCRs ranging from 1.0 to 1.7. After interacting the energy
savings of this ECMwith those of other ECMs appropriate for the house



51

with higher BCRs, only one repl acement was recommended. For a space-
heating system repl acenent to be cost effective, the space-heating energy
consunption of the house nust be high or the efficiency of the space-

heati ng system nust be low, and preferably both.

Considering the eight audit houses with high pre-weatherization
space- heating energy consunption (greater than 1375 therns/year as
determ ned by the sel ection technique using billing data), space-heating
system repl acement was cost effective in six if considered by itself (all
houses in which the space-heating systemrepl acement was cost effective
by itself had a space-heating energy consunption greater than 1375
therms/year).  the two houses where the ECM was not cost effective,
one house had a steamboiler and no space-heati ng system repl acerment
option for it was included in the technique, and the BCR for the ECMwas
0.98 in the other. After interacting the energy savings of this ECOM with
those of other ECMs with higher BORs, the BCR for space-heating system
repl acenent dropped below 1.0 in five of the six houses; with the present
space- heati ng systens operating at their current efficiencies, the other
ECMs decreased space-heating energy consunption in the five houses to the
poi nt that replacenment of the systens was not cost effective. The house
in which replacement of the space-heating systemwas cost effective had
the hi ghest space-heating energy consunption of the 36 houses (2371
therms/year), a space-heating systemefficiency of 73.5% (a typical
average value), and little energy savings from ECMs with hi gher BCRs.

Gonsi dering the six houses with steady-state space-heating system
efficiencies less than 72% space-heati ng system repl acenent was cost
effective by itself in only one house but not cost effective after energy
interactions were accounted for.  the five houses in which the ECM was
not initially cost effective, one house was equi pped with a steamboil er
(and no replacerment option was considered for it in the selection
technique) and the other four were characterized by having | ow space-

heating energy consunptions (ranging from 589 to 1006 therms/year).
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Ei ght ECMs were never installed: stormwindows, intermittent
ignition device, thermally-activated vent damper, electrically-activated
vent damper, gas power burnmer, outdoor tenperature reset control,
continuous circulation pump, and water-heating vent danper. As discussed
in Sect. 5.3, the primary reason that water-heating vent danpers were not
installed is that both it and water-heater tank insulation could not be
present on a gas-fired systemwith a pilot (accordingto local codes),
and tank insulation was assuned to be the higher priority ECM.

Al gorithns used to estimate the savings of stormwindows, intermttent
ignition device, and all three vent danper applications were reviewed and
found to be reasonable conpared to neasured and estinmated savings
reported in the open literature. Thus, the costs required to install
these EOM under the field test were too great to justify their

installation.

As identified in Table 6.1, ECMs recommended by the sel ection
technique were not always installed in the houses. Reasons for this
varied. For attic, wall, floor, and sill box insulation, the areas were
usual ly already insulated to the extent possible or access could not be
gained to insulate the areas. Interior foundation insulation was not
installed in tw houses because they were of balloon construction and
"sill box" insulation was already being installed (mutually exclusive
ECMs for this type house). Even though an actual pre-weatherization air-
| eakage rate was used in the selection technique, infiltration reduction
work was recommended in all 36 houses because the m nimum air-leakage

rate guideline is not used in the selection technique.

Al though tenperature setback using a clock thernostat was an option
in the selection technique that was not used in the field test,
subsequent analysis showed that it would not have been a frequently
selected ECM if considered. Assunming a 5°F setback for 8 hours/night, a
clock thernostat woul d have been recommended in only one house; with a

7.5°F setback, it would have been recomrended in only three houses.
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Houses that did and did not receive attic insulation followed a
consi stent pattern based on the average R value of the attic insulation
presently install ed. Houses with an average R value less than 10 al ways
recei ved sone attic insulation. In nost cases, the insulation added was
extensive (costing nore than $100) because large attic areas were either
not insulated or insulated below R-11. Houses with an average R val ue
greater than 10 did not receive additional attic insulation except for a
few i sol ated i nstances. CGenerally in these few cases, small attic areas
(such as kneewalls or additions) that were not previously insulated were

upgraded.

A simlar but not as definitive pattern also occurred with wall
i nsul ati on. Insulation was installed in all wall cavity area that was
not previously insulated in 23 of 31 houses (thewall cavity area of the
remai ning 5 houses was already conpl etely insulated). Odily two of the 31
houses had brick or stone siding; in both cases, adding wall insulation
was not a cost-effective ECM, In three additional houses, wall
insulation was not installed because the ECMwas not cost effective: the
BCR of wall insulation was less than 1.0 in one house before interaction
with other EOMs and in two houses after interaction. In the three
renai ni ng houses, the ECMwas determined to be not applicable for an

unknown reason and, thus, was not considered by the selection technique.

Foundation insulation was installed in the only two houses in which
the ECMwas determined to be feasible and informati on was i nput
correctly. The estimated BCRs for these two installations ranged from
4.8 to alnmost 7.0. Additional investigation showed that the BCR for
foundation insulation wuld al most always be greater than 2.0 if
information were input correctly, inplying that the neasure sel ection
techni que woul d always recomrend this ECMif it was feasible. Recent
research results of foundation insulation (Robinson et al. 1990) i ndicate
that this EOMis only marginally cost effective, if at all, implying that
the BCR estimated by the selection technique is overly optimstic. Thus,
it may be fortunate that foundation insulation was not nore frequently

i nstall ed.
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The infrequent recommendation for space-heating systemrepl acenents
could be due to incorrect estinmates of the energy savings from this ECM,
al though previous testing (McColdet al. 1988, Ternes et al. 1988)
indicated that these estimates are, on average, correct. In estimating
the energy savings of a space-heating system replacement, the change in
steady-state efficiencies (reduced several percent to account for
seasonal factors) is used. It is likely that a correction of a few
percent is not sufficient to fully account for seasonal factors.
Additionally, a smaller correction may be needed for the repl acenent
system than the present system because the replacenent systemwoul d be

properly sized, installed, and adjusted.

If envel ope and water-heating system ECMs only were to be installed
inhomes simlar to those tested, and under conditions simlar to those
encountered in the field test (sam® climate conditiens, fuel costs,
installation costs, etc.), a sinpler selection technique than the one
tested m ght produce near equivalent results. This occurs because the
consi stency of the housing and the other factors allow patterns to
devel op regarding correct installations. Such a technique could require
less input data and, thus, reduce admnistration costs. As previously
di scussed for these houses and conditions, decisions to install attic and
wal | insulation can be made correctly in nost cases based on currently
installed insulation |evels and buil ding characteristies. Sill box
i nsul ation, although not as thoroughly studied as attic and wall
insulation, likely follows a simlar pattern to that for walls: if no
insulation is present and the ECMis applicable, the ECM shoul d be
perfornmed in nost cases. Infiltration reduction work woul d be perfornmed
in each house the sane as under this technique: by following the
infiltration reducti on procedure. Decisions regarding the renaining two
envel ope ECMs installed in this study (floor insulation and interior
foundation insulation) mght be harder to determine on a general basis;
nevertheless, a sinple calculation procedure nay be used for these ECMs.
A generalized approach to perform ng the water-heating systemECMs coul d
al so be devel oped. In the field test, nost houses received water heater

pipe insulation if insulation was not present, tank insulation in
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preference to vent danpers on all water heaters w thout extra insulation,
and water heater tank tenperature reduction if the tenperature was above
120°F.

If space-heating systemECMs are also to be considered, a sinpler
technique may not be able to be devel oped. As clearly denonstrated,
proper decisions regarding the replacement of the space-heating system
can be made only after the energy savings of the ECM are interacted with
the savings of other EOM appropriate for the house that have hi gher
BCRs. |f a sinpler technique were to be developed, current space-heating
energy consunption appears to be a nore inportant screening criterion
than space-heating systemefficiency, although the latter nust still be
consi dered before making a final decision (if the space-heating system
energy consunption of a house is estinated to be greater than 1750
therns/year after other ECOMs are installed, a space-heating systemwth
an efficiency up to 80% mght still be a good candidate for replacement).

6.2 ACTUAL AND ESTI MATED GCBTS

The anount of noney spent on each house averaged $1453 for the 36
audit houses but varied over a large range as shown in Fig 6.2: less
than $500/houses was spent in five houses and nore than $2000/house was
spent in 11 houses. In using a selection technique designed to maxinize
program energy savings per investrment dollar, such a distribution results
because houses with low energy efficiencies receive many EOM and little

work is performed in houses that are efficient.

For the audit houses as a group, expenditures were predom nately for
envel ope ECMs, with equally small anmounts spent, on average, for space-
and water-heating system EOM (see Fig. 6.3). As shown in Fig. 6.4, an
average of about $750 and $400 was spent in each of the 36 houses for
wal | and attic insulation, respectively, while less than $75 was spent

(on average) on each of the remnaining ECM.
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WATER-HEATING SYSTEM (5.0%)

SPACE-HEATING SYSTEM 18.0%)

ENVELCPE (87.0%)

Fig. 6.3. Dstribution of actual expenditures for the 36 audit
houses by type of energy conservation neasure.
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REDUCE HOT WATER TEMPERATURE

WATER-HEATING SYSTEM REPLACEMENT

FLOOR INSULATION

INTERIOR FOUNDATION INSULATION

HOT WATER P¥PE INSULATION

SILL BOX INSULATION

WATER HEATER TANK INSULATION

SPACE-HEATING SYSTEM REPLACEMENT

SPACE-HEATING SYSTEM TUNE-UP

INFILTRATION REDUCTION

ATTIC INSULATION

WALL INSULATION

EXPENDITURE ($)

Fig. 6.4 Average actual expenditure in the 36 audit houses for each
energy conservation nmeasure (total expenditure for each nmeasure divided
by 36, the total nunber of audit houses).
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The cost for performng the ECMs were, on average, estimated quite
reliably by the selection technique on a per house and per ECM basi s.
The actual cost to install the EOM in the 36 audit houses listed in
Table 6.1 was $1453/house as conpared to the estinmated cost of
$1473/house; sinmlarly, for the nine houses identified in Table 6.2, the
actual cost of $1253/house is about equal to the estinated cost of
$1142/house. Conparisons for individual houses (Fg. 6.5) varied nore
widely than this average comparison nay indicate, although good agreenent
is still evident. Not being able to install recommended ECMs contri butes
to individual house fluctuations in only sone cases because the ECW that

were not installed were usually inexpensive ECMs.

Figure 6.6 shows that, except for infiltration reduction work and
the repl acenment space-heating system the costs required to install each
ECMwere, on average, higher than that estimated by the sel ection
technique (this figure only conpares the actual and estimated costs from
houses in which the ECMwas actually installed as listed in Table 6.3).
O an absol ute basis, the underprediction of cost is nost serious for
foundation wall insulation; on a relative basis, the costs for water
heater pipe insulation and reducing tank tenperature were much higher
than estimted. The use of contractors to perform these ECMs and to
install water heater insulation likely inflated the costs really
necessary to performthese ECMs, Because only one space-heating system
was replaced, the overestimation of costs for this ECMis not
significant. The large overestimation of costs for infiltration
reduction work is explained in Sect. 7.1. Table 6.4 conpares costs
assumed in the selection technique to estimate the costs of EQW to

actual costs.

6.3 PRED CTED ENERGY SAMI NGS5

In Tables 6.1-6.3, two savings estimates are provided: installed
and recommended. In both cases, the savings are based on energy savings
estimates calculated by the selection technique. The recomended savi ngs

estimate is based on all ECM initially recommended by the technique; on
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REDUCE HOT WATER TEMPERATURE - ACTUAL

HOT WATER PIPE INSULATION - ESTIMATED

WATER HEATER TANK INSULATION

SILL BOX INSULATION

SPACE-HEATING SYSTEM TUNE-UP

INFILTRATION REDUCTION

FLOOR INSULATION

WATER-HEATING SYSTEM REPLACEMENT

INTERIOR FOUNDATION INSULATION

ATTIC INSULATION

WALL INSULATION

SPACE-HEATING SYSTEM REPLACEMENT

Q 500 1000 1500
INSTALLATION COST ($)

Fig. 6.6. Average cost to install each energy conservation neasure
in houses receiving that neasure (total cost for each neasure divided by
the nunber of houses in which the neasure was install ed) .
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Conpari son of actual
for energy conservation neasures
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and assumed costs

Assuned
Cost®

(9

Act ua
Cost?

(9

Building-envelope measures:

wal | insulation (3.5 in.)
attic insulation
attic floor
sl oped ceiling
kneewal |
infiltration reduction
floor insulation
sill box insulation
interior foundation insulation

Space- heati ng syst em measur es:

0.72-0.99/ft2

0.026-0.042/£t2/R
0.056-0.090/ft2/R
0.026/ft2/R

30/ h )
0.050/ft</R
0.029/Ft2/R
0.05-0.37/fc2/R

0.65-0.95/ft2

0.026-0.055/£t2/R
0.026-0.068/ft2/R
0.032-0.086/ft2/R
33/h

0.050-0.063/ft2/R
0.026-0.045/£t2 /R
0.073-0.086/ft2 /R

space-heating system tune-up 45 each 45-81 each
95% SSE condensing furnace 1900 each 1755 each
WAt er - heati ng systemmeasures:

i nsul ati on bl anket 43 each 54-58 each
hot water line insulation 0.82-0.92/ft 2.25-2.41/ft
reduced hot water tenperature 2.40 each 0- 11 each

4R used in colum neans per R-value of insulation installed
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the other hand, the installed savings estinmate excludes the savings of
ECMs that were not installed and uses re-estimted savings based on the
degree to which each ECM was installed (for example, the actual area
insulated or the actual amount of infiltration reduction achieved). The
reconmended savings estimate is useful in examning the overall accuracy
of the sel ection technique. In exam ning the accuracy of energy savings
algorithns used in the selection technique, a conpari son of neasured

savings to the installed savings estinmate provides the greatest insight.

The average energy savings predicted for the 36 audit houses, based
on the EOMs actually installed in the houses, was 347 therms/year. As
shown in Fig. 6.7, the predicted energy savings of each house vari ed over
a large range. Most houses were predicted to save between 200 and 500
t her ns/year; however, six houses were predicted to save less than 100
therns/year while five houses were expected to save over 500 therns/year.
As with the house expenditures, this distribution results fromusing a
sel ection techni que designed to nmaxi nize program energy savings per
investment dollar: houses with |ow energy efficiencies receive many ECMs
that should save significant |evels of energy while few ECMs are
performed in other houses that are conparably efficient, resulting in
little energy savings. As shown in Fig. 6.8, there is a strong relation
between the predicted savings and the actual cost of the weatherization

work in each house.

The average estinated energy savings of the audit houses, based on
all the EOMs initially recommended by the sel ection techni que, was 416
therns/year. Examination of Table 6.3 shows that the difference between
the recomended and installed savings is due prinarily to less energy
savings predicted frominfiltration reduction work and space-heating
system tune-ups once the actual |evel of inprovenent from these ECMs was

known. These are discussed nore in Sects. 7.1 and 7.2, respectively.

For the audit houses as a group, energy savings were expected to
result principally fromattic and wall insulation (Fg. 6.9), even though

many of the other ECMs were perforned in nost of the houses. This is
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Fig. 6.7. Histogram of predicted energy savings for the 36 audit
houses, based on the energy conservation measures actually installed in
the houses.
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REDUCE HOT WATER TEMPERATURE

WATER-HEATING 3YSTEM REPLACEMENT

FLOOR INSULATION

INTERIOR FOUNDATION INSULATION

HOT WATER PIPE INSULATION

SILL BOX INSULATION

WATER HEATER TANK INSULATION

SPACE-HEATING SYSTEM REPLACEMENT

SPACE-HEATING SYSTEM TUNE-UP

INFILTRATION REDUCTION

ATTIC INSULATION

WALL INSULATION
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PREDICTED ENERGY SAVINGS (THERMS/YEAR)

Fig. 6.9. Average predicted energy savings in the 36 audit houses
for each energy conservation neasure (total predicted savings for each
measure actually installed divided by 36, the total nunber of audit
houses).

140
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consistent with the cost expenditures where the |argest expenditures were
for these same two ECMs. Large savings were predicted frominterior
foundation wall insulation and space-heating system replacenent in the
houses where these EOMs were installed, but, because they were installed
inonly tw and one house, respectively, their savings inpact on the

entire audit group is small.
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7. NON- ENERGY RESULTS

7.1 Al R- LEAKAGE MEASUREMENTS AND REDUCTI ONS

Air-l eakage rates were neasured three times in each of the audit
houses: before weatherization, after bl ower-door-guided infiltration
work, and after weatherization. Infiltration reduction work was al ways
performed before other ECMs were installed. The first two measurenents
were made on the same day by the crew performng the infiltration work
(in July or August 1988 for nost houses). The third measurenment was
taken after all weatherization work had been installed and inspected
(usual ly in Novenber 1988). In the control houses, two nmeasurenents were
taken at approxinmately the same tine as the audit houses to correspond to

the pre- and post-weatherizati on measurements,

Air-leakage rate neasurenents for the control and audit houses are
summarized in Tables 7.1 and 7.2, respectively. These rates represent
the rate of air flow (units of cubic feet per mnute) through the house
when the house is depressurized 0.20 in. H9Q (50 Pa) bel ow anbi ent
pressure (cfm50). Fan pressurization (blower door testing) was used to
measure these air-leakage rates, generally follow ng a standard techni que
(ASTM 1981)., A series of air-leakage rates were neasured in each house
at different levels of depressurization [nominally 0.04 in. HO0 (10 Pa)
to 0.24 in. He0 (60 Pa) in increments of 0.04 in. HpO (10 Pa)]. These

data were then fit to a power curve, allow ng the air-|eakage rate at

0.20 in. Ho0 (50 Pa) depressurization to be determined.

The average pre-weatherization air-|eakage rate of the control
houses was 3034 c¢fm50 and the average post-weatherization rate was 2989
cfm50. The change of -46 cfm50 in the average air-leakage rate was not
significant: the rate in nost houses changed |ess than 200 cfm50,
al t hough changes as large as 500 c¢fm50 were observed. Because no work
was performed on the control houses, a change in the individual or
average rates were not expected. Changes observed in the individual

house rates are likely due to random neasurenent errers, possibly induced
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Table 7.1 Control house air-leakage measurenents

House Pre-weatherization Post-weatherization Change
(cfm50) wcfm50) {cfm50)

2 2330 1844 - 486

6 2226 2362 136

7 2220 2175 -45

8 2981 3026 45
11 3475 3831 356
12 3412 3466 54
27 3538 3412 -126
30 3320 3281 -39
31 1963 1798 -165
51 4852 4779 -73
58 2222 2264 42
65 3178 3054 -124
75 5542 5049 -493
78 6678 6779 101
81 3202 3336 134
85 2139 2224 85
87 4429 4023 - 406
92 2084 1783 -301
93 3556 3551 -5
94 5604 5797 193
95 1829 1916 87
103 1393 1404 11
108 1865 1875 10
109 2297 2363 66
111 3180 3193 13
114 2003 2058 55
116 3227 3091 -136
121 2000 2057 57
122 2816 3205 389
127 1347 1313 -34
134 4461 4495 34
135 2744 2457 -287
140 5056 4750 - 306
142 3511 3650 139
144 2303 2291 -12
145 1635 1625 -10
149 2001 1954 -47
150 1937 1912 -25
152 2390 2340 -50
159 3707 3302 - 405
160 2942 3115 173
161 3459 3340 -119
163 1538 1424 -114
174 4914 4535 -379

Average: 3034 2989 -46




Tabla 7.2. Audit house air leakage measuremants

Post-weatherization Infiltration Infiltration
Post-infiltration Change reduction reduction
Pre-weatherization Change Other work work cost
House Estimatel Measured Difference Measured Measured Est.imat.edl Measured Pre - post measures® cost effectiveness
(cfm50)  (cfm50) {c£m50) (cfm50)  (cfm50) (cfm50) {cfm50) ( cfmS0) (cfm50) ($> (cfm50/$100) BCR®

1 4000 6815 2815 4741 -2074 -2698 4322 -2493 -419 133 1559 5.0
4200 3498 702 3les -310 -578 3081 -417 -107 66 470 1.5
9 6000 4168 1832 3992 -176 -928 3373 -795 -619 88 200 0.6
14 3000 2216 784 1687 -529 -273 1491 -725 -196 100 529 1.7
16 3300 2370 930 1726 -644 -314 1574 -796 -152 83 776 2.5
26 3400 1475 1925 1475 0 -104 1519 44 44 0 ERR .
28 4200 1950 2250 1627 -323 -211 1498 -452 -129 66 489 1.6
29 5700 4466 1234 4060 -406 -1129 3439 -1027 -621 83 489 1.6
438 4200 1533 2667 1533 0 -136 1431 -102 -102 0 ERR —
59 3500 2080 1420 1932 -148 -232 1626 -454 -306 60 247 0.8
68 4200 5870 1670 5579 -291 -2338 3721 -2149 -1858 70 416 1.3
70 4000 1762 2238 1762 0 -160 1578 -184 -184 16 0 0.0
72 5000 2786 2214 2584 -202 -424 2772 -14 188 66 306 1.0
73 3900 1868 2032 1868 0 -185 1709 -159 -159 0 ERR -
76 3500 2983 517 2778 -205 -485 2678 -305 -100 66 311 1.0
79 4300 6826 2526 5932 -894 -2429 5622 -1204 -310 66 1355 4.3
84 4100 1570 2530 1570 0 -118 1094 -476 -476 0 ERR —
86 3700 5233 1533 4970 -263 -1743 3081 -2152 -1889 66 398 1.3
8 4200 6025 1825 5837 -188 -2065 5003 -1022 -834 66 285 0.9
89 6000 5217 783 4646 -571 -1659 3990 -1227 -656 66 865 2.8
o1 5500 5621 11 4930 -691 -1713 4108 -1513 -822 66 1047 3.4
105 4200 3168 1032 3007 -161 -566 2756 -412 -251 66 244 0.8
106 4200 3124 1076 2799 -325 -590 2326 -798 -473 66 492 1.6
110 4800 3275 1525 2842 -433 -603 2029 -1246 -813 83 522 1.7
113 3600 853 2747 853 0 -25 917 64 64 0 ERR .
115 4000 2390 1610 2248 -142 -302 2330 -60 82 66 215 0.7

s



Table 7.2 {contimued)

Post - weat het i zat i on Infiltration Infiltration
Post-infiltration Change reduction reduction
Pre-weatherization Change Q her wor k work cost
House Estimatel Measured Differemce Measured Measured Estimat edZ Measured Pre - post measures? cost effectiveness
(cfm50)  (cfm50) (cfm50) (cfm50)  (cfm50) (cfmS0) (cfm50) {cfm50) {efm50) [€) (cfm50/$100) BCRY
120 4300 4417 117 4226 -191 -1140 4181 -236 -45 66 289 0.9
124 3800 1473 2327 1473 0 -88 1497 24 24 0 ERR i
129 4300 4871 571 4829 -42 -1288 4745 -126 -84 50 84 0.3
131 3000 2208 792 1923 -285 -271 1945 - 263 22 100 285 0.9
141 4000 2801 1199 2647 -154 -480 2175 -625 -471 66 233 0.7
143 3700 3006 694 2813 -193 -521 2158 -848 - 655 66 292 0.9
146 4300 3638 662 3305 -333 -771 2832 - 806 -473 66 505 1.6
147 6000 2891 3109 2724 -167 -451 2786 -105 62 66 253 0.8
148 6800 2821 3979 2660 -161 -472 2348 -473 -312 66 244 0.8
153 6000 1596 4404 1596 0 -125 1440 -156 -156 0 ERR ---
154 4000 2657 1343 2350 -307 -368 2080 -577 -270 66 465 1.5
155 4500 5303 803 G4k -859 -1721 3247 - 2056 -1197 100 859 2.8
156 4000 5811 1811 5031 -780 -1794 4386 - 1425 - 645 100 780 2.5
165 4300 4470 170 4206 -264 - 1407 4139 -331 - 67 66 400 1.3
166 4000 1877 2123 1659 -218 -207 1510 - 367 -149 41 532 1.7
167 6400 3988 2412 3629 - 359 -939 2838 -1150 -791 55 544 1.7
169 3800 2212 1588 1858 -354 -273 1623 -589 -235 66 536 1.7
170 4500 2378 2122 2378 0 -294 2298 -80 -80 66 0 0.0
172 3500 1874 1526 1725 -148 -192 1703 -171 -22 66 226 0.7
Average: 4353 3321 1653 3014 -306 -774 2644 -676 -370 60
Average (excluding the eight houses in which no wark -372 -920 73

was perforned)

(41

val ue estimted by auditor

val ue estinated by the nmeasure sel ection techni que using the pre-weatherization nmeasured air-| eakage rate
post-infiltration val ue mnus post-weatherization value

benefit-to-cost ratio

o op
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by differences in weather conditions between the two periods, and thus
have no net affect on the average. These results confirm that average
changes observed in the audit houses are real and not due to neasurenent
errors or biases, although sonme degree of change observed in individua

audit houses could be due to nmeasurenent errors.

The average pre-weatherization air-leakage rate of the audit houses
was 3321 cfnb0. The close agreenent between this value and the pre-
weat heri zation rate for the control houses indicates that the two groups

were equivalent with regard to their air tightness.

The neasured pre-weat herization air-|eakage rate of each house was
used in the nmeasure selection technique to estinmate energy savings and
costs associated with the infiltration work. An alternative nmethod is to
use a value of the air-leakage rate estimated by the auditor based on the
vi sual appearance of the house. This approach was tested and found to be
unreliable for an individual house as well as a group of houses. The
average estimated val ue was 4353 cfnb0, which is 1032 cfm50 greater than

the average neasured value (an error of approxi mately 30%.

The average post-infiltration air-|1eakage rate of the audit houses
was 3014 cfnb0, which was 306 cfm50 less than the pre-weatherization
rate. (ne result of following the infiltration reduction procedure was
that infiltration work was not perforned in eight houses (Houses 26, 48,
70, 73, 84, 113, 124, and 153) because their air-|eakage rates were
already at or below the mninumventilation guideline (no reduction was
achi eved in House 170 even though the two person crew worked one hour in
the house)}. Considering only the houses in which work was perforned, the

average alr-leakage rate reduction was 372 cfm50.

Through use of the infiltration reduction procedure, expenditures
for infiltration reduction work were Iimted to an average of $60/house
(excl uding $70/house set up cost) for all the houses or $73/house for
those in which work was performed ($16 was spent on House 70, perhaps for

sonme minor repair, even though no reduction work was performed). The
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charge of $66 occurring frequently in Table 7.2 indicates that a two
person crew spent an hour in the house performng infiltration reduction
work {(the charge for each crew menber was $33/h, which includes |abor and
materials). These costs do not include a set-up cost of $70/house
charged by the contractor that perfornmed the infiltration work because
this cost should be nore properly |abeled an "audit cost" rather than a
cost of performing the ECM and this cost was excessive and only paid
because of the research nature of the field test ($30/housewould be a
nore reasonabl e value). In inplenenting the procedure, an initial air-

| eakage rate nust be neasured to determ ne whether work should be
performed in the house (nuch like the level of attic insulation nust
first be determ ned before the effectiveness of adding nore can be
established). Dependi ng on who nmakes this measurenent and when, the cost

of this nmeasurement may be small to al nost negligible.

The energy savings fromthe infiltration reduction work in each
house was estimated using the neasured change in air-|eakage rate. This
energy savings was then used with the installation cost to estimate a BCR
for the work. These estinmates were nade using equations presented by
Schlegel (1990) (the sane equations used to devel op the BCR guideline for

the infiltration reduction procedure) and the foll owing assunptions:

1. 6910 heating degree days (base 65°F) for the area,
2. a degree day correction factor of 0.6,

3. a factor equal to 20 to convert cfmto cfm50,

4, a fuel cost of $0.579/therm,

5. a space-heating systemefficiency of 75%

6. alifetime for the measure of 10 years, and

7. a discount rate of 5%.

The estimated BCR was greater than 2.0 in seven houses, greater than or
equal to 1.0 and less than 2.0 in 16 houses, and less than 1.0 in 14

houses {infiltrationwork was not performed in eight houses). A BCR
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greater than or equal to 1.0 indicates that the estinated savings was
achi eved cost effectively under the stated assunptions. Even though the
work performed on only about 20% of the houses renained above the
original goal {(BCR- 2.,0), the work perforned on 60% was cost effective

based upon these estimates.

The infiltration reduction procedure was generally adhered to in
performng the infiltration reduction work. No work was performed in any
house once the mnimum air-leakage rate of the house was obtai ned
(usually between 1500 and 1800 cfmS50). Additionally, no work was
perfornmed once the effectiveness of the latest work (usually the |ast
hour's work) fell below the guideline for the house (generally 650 cfm50
reduction per $100 expenditure) as indicated from an exam nati on of the
BCR and hours of work performed on each house. (The effectiveness shown
in Table 7.2 represents the overall effectiveness of the work and not the
effectiveness of the latest increment of work. Data taken at
intermediate intervals to check the effectiveness of the | atest work were
not recorded). Exam nation of these same data indicates that work nay
have been stopped prenaturely in three houses (hbuses 1, 79, and 91).
e reason that work may have been stopped prematurely in Houses 79 and
91 was that the set up cost for performng the infiltration work was
included with the cost of perfornming the first hour of work. This
m st ake dropped the apparent effectiveness of the work bel ow t he
gui deline for the house.

A though the infiltration reduction procedure was adhered to, crews
may not have been proficient at |ocating and sealing nmajor |eakage sites
particular to each house. In 11 of the 14 houses with a BCR |l ess than
1.0, the air-leakage rates renai ned considerably above the m ni num
ventilation guideline following the work, indicating that significant
| eakage area renmained. As shown in Fig. 7.1, there is little correlation
between the pre-weatherization air-|eakage rate of a house and the
measured reduction. Al though these results could indicate that few
| eakage sites existed in the houses that coul d be seal ed cost
effectively, they nmore likely indicate a lack of crew proficiency. The
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crews used In the study were trained in the use of bl ower doors, |eak
detection, and sealing techniques but had no prior experience with either

the procedure or sealing.

In nost houses, the air-leakage rate reductions achi eved were
considerably less than estimates of achievable reductions nade in the
neasure selection technique, as shown in Fig. 7.1. (In this figure, the
reductions were estimated assunming an interior volume in each house of
15,000 ft2 in order that a smooth curve would result. Use of the actua
vol une would nake the figure harder to interpret w thout adding nore
information.) An average reduction of 774 cfnb0 was estinmated by the
sel ection technique for all the houses and 920 ¢fm50 for just the houses
in which infiltration work was perforned.

The major factor contributing to the discrepancy between achi eved
and estinmated reductions is the estinmation nethod. An equation devel oped
by WECC is used in the measure selection technique to estinate the
reduction achievable in a house based on the present air-I|eakage rate.
This equation was devel oped from their experience regardi ng reductions
achi evabl e by experienced crews in houses with different pre-
weat heri zation air-leakage rates. Because the only two variables used in
the equation are the pre-weatherization air-|eakage rate and house
volune, the estimate is independent of the BCR chosen for the work; the
sane reduction is estinmated If the work nust be perfornmed at a BCR of 2
or 1, for exanple. Realistically, |ess work can be perforned and, thus,
a smaller reduction shoul d be achi eved when a higher BCR for the work is
stipulated. The value estinated by the sel ection technique may be better
interpreted as a typical maxi numreduction that can be achieved if the
work is perforned at a BCR of 1. Because the BCR chosen in this study
for the infiltration work was 2.0, the nmeasure sel ection technique

estimates of the reductions are too high

A second factor that contributed to the discrepancy is the use of
i nexperienced infiltration reduction crews in the study. Using the sane

cost-effective guidelines, an experienced crew can work longer in a house
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and achieve greater air-|eakage reductions than an inexperienced crew
because the experienced crew can identify and seal |eaks nore

effectively.

Athird factor that contributes to the discrepancy is that the
m ni num guideline used in the infiltration procedure is not considered in
the selection technique. Consequently, a reduction is estimated in
houses in which no work will be perfornmed if the infiltration procedure
is followed correctly. A though not a factor in this study, a maxinmm
expenditure guideline may be used in the infiltration procedure which is

also not considered in the neasure selection technique.

The expenditures for infiltration work were |less than predicted by
the neasure selection technique. Cost estinates nmade in the nmeasure
sel ection techni que were based on the estinmated reductions to be obtained
and the BCR stipulated for the work. Because the estinmated reductions
were high, the cost estimates would also be high. Use of inexperienced
crews would tend to decrease the differences because inexperienced crews

woul d spend nore noney than planned.

The BCR guidelines for the houses were established assum ng a BCR of
2.0. Because the BCR cutoff used in the measure selection technique was
1.0, use of the same value for the infiltration reduction work m ght have
been a nore appropriate choice. Such a choice would have allowed nore
work to be perforned at a greater expenditure, inproving the conparisons
between actual and estimated reductions and costs. Wth a BCR of 1.0,
the guideline for the houses would have been approximately 325 cfm50
reduction per $100 expenditure. The available data indicates that with
this guideline additional work would have been performed in only 21
houses (eight houses should still receive no work and the effectiveness
of the work performed in the remaining 16 houses was |ess than or equa

to even this |owered guideline}.

The average post-weatherization air-|eakage rate was 2644 cfm50, a
reduction of 676 cfnb0 from the pre-weatherization rate and 370 cfnb0
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fromthe post-infiltration rate (representing the reduction due to ECMs
other than the infiltration work installed in the houses). O average,
the reductions due to the other EOM were equal to the reductions

achieved from infiltration reduction work.

As shown in Fig. 7.2, the type of insulation ECMs installed and the
air-leakage rate before the EOM were installed (the post-infiltration
rate) affect the reductions obtained fromthe other ECMs in individual
houses (in identifying the type of ECMs installed in the houses in Fig.
7.2, differences in the areas insulated were not considered). Houses
that did not receive attic or wall insulation (the two main insulation
EQW installed in the study) all had pre-weatherization and post -
infiltration air-1eakage rates bel ow 3000 cfm50. Because all these
houses had attic insulation and half had wall insulation, this begins to
indicate that insulation does |lead to |ower house air-leakage rates.
Furthermore, the reductions obtained fromthe other ECM in these houses
only averaged 47 cfnb0 and were always less than 310 cfm50 (increases in
the air-leakage rate in several houses |ikely represent measuremnent
errors as nentioned in the previous discussion of the control houses).
Reductions occurring in houses receiving attic insulation but not wall
insulation were less than 420 ¢fm30 in all but one house (the only uni que
feature of the one house is that it received a condensi ng furnace),
averaged 278 cfm50 (160 ¢fm50 excluding the one house), and were not
dependent on the post-infiltration air-leakage rate. The greatest
reductions were obtained in houses receiving both attic and wall
insulation. These reductions were dependent on the post-infiltration
air-|leakage rate, with larger reductions occurring at higher air-I|eakage
rates and alnmost no reductions occurring at the |lower rates (2500 ¢fm50
or less). The average reduction of the houses with air-I| eakage rates
above 2500 <¢fm50 was 721 ¢fm50. Because only three houses received just
wal | insulation and not attic insulation, statistics for such a small
group nust be evaluated cautiously. For these three houses, the average
reductions for the other ECM was 594 cfm50, which is consistent with the
reductions observed in the houses receiving both attic and wall

i nsul ation.
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Fig. 7.2, (Conparison of the change in air-leakage rate in the audit
houses due to the installation of energy conservation neasures other than
infiltration reduction work to the air-leakage rate after infiltration
reduction work was performed. An A indicates a house in which attic
insulation with a predicted savings greater than 75 therns/year was
installed, a Win which wall insulation with a predi cted savi ngs greater
than this value was installed, a WA that both wall and attic insulation
(each neeting this savings criterion individually) was installed, and a *
that neither was installed.
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The results presented above indicate that significant air-I|eakage
rate reductions can result from the installation of wall insulation
(walls were insulated in the field test by blowing cellulose into the
wal | cavities). |f the present air-leakage rate of the house is above
2500 cfm50, reductions on the order of 500 cfm50 are likely to result
fromthe installation of wall insulation alone. In general, only minor
reductions (less than half the above value) are likely to be obtained
fromthe installation of wall insulation if the present air-leakage rate
is less than 2500 ¢fmS0 and from the installation of other insulation
ECMs,

Because the infiltration reduction work was performed before the
insulation ECMs were installed, greater reductions might be obtai ned from
the insulation EOM if perfornmed before the infiltration work. Reversing
the order of installation would not have decreased the nunmber of houses

requiring infiltration reduction work
7.2 SPACE- HEATI NG SYSTEM BEFF A BENCY

Space- heati ng system steady-state efficiencies were neasured in the
audit houses in June and July 1988 before any EOMs were installed (as
part of the audit input data requirements) and agai n between Cctober and
Novenber 1988 follow ng weatherization. Efficiencies in the control
houses were al so neasured in June and July 1988. The pre-weatherization
efficiencies were neasured by a single conpany using either chemnical or
el ectroni c conmbustion test equipment. The post-weatherization
efficiencies were neasured by three companies, two using el ectronic

equi pnent and the ot her chenical equi pnent.

The measured pre-weatherization steady-state efficiencies of both
the audit and control houses are shown in Fig. 7.3. Froma visual
i nspection, the audit and control groups appear to be equival ent.
Efficiencies generally ranged between 70 and 80% for all system ages,

with a dip in efficiency occurring for units about 10 years ol d.
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Space- heati ng system tune-ups were the only nechani cal ECMs
performed in 43 audit houses that would affect the steady-state
efficiency of the systens (two audit houses received new space-heating
systems)}. This tune-up consisted of cleaning the space-heating system as
needed, inspecting blower belts and air filters, and adjusting for proper
flame and maxi num st eady-state conbustion efficiency under the gui dance
of flue gas analysis equipnent. Adjustrments to controls (such as bl ower
speed, fan, and limt swtches) were not perforned

Ef fi ci ency changes neasured in 40 of the 43 houses (post-
weat heri zati on efficiencies were not neasured in three houses) were
conpared to values predicted in the neasure selection technique to
guantify the benefit of space-heating systemtune-ups performed in these
houses and to determ ne the accuracy of the prediction method. The
change in steady-state efficiency was predicted1 assunming that no change
woul d occur if the pre-weatherization efficiency was greater than or
equal to 79% the efficiency could be increased to 79% if the pre-
weat heri zation efficiency was between 73 and 79% and the efficiency
could be increased 6% if the pre-weatherization efficiency was |ess than
or equal to 73%

As shown in Fig. 7.4, measured changes in steady-state efficiency
were |less than predicted in all but three houses. Mre importantly, the
measured efficiency decreased (identified as negative changes) in about
hal f the houses, especially those with pre-weatherization efficiencies
greater than 76% |In houses with pre-weatherization efficiencies |ess
than 72% though, the neasured efficiency always increased. (The line in
the figure is a least squared fit to the data ignoring the data point
with a pre-weatherization efficiency of about 64%.) An apparent

di fference of 2-4% on average, between the predicted and neasured

l1n the neasure sel ection techni que, a seasonal efficiency is
calcul ated fromthe steady-state efficiency (the steady-state efficiency
is reduced up to several percentage points dependi ng on space-heating
system characteristics) and used to predict a change in seasona
efficiency. This discussion outlines an equival ent procedure to
determ ne the change in steady-state values.
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efficiency change of each house is denonstrated in Fig. 7.5, where the
solid line represents points where the neasured change equals the

predi cted change and the dashed line is a |least squared fit to the data.
Simlar figures identifying the contractor naking the post-weatherization
nmeasurenments reveal ed no consistent pattern (neasurenents for all three
contractors were randonmly scattered about the regression line).
Additionally, no general affect of system age on the neasured change in

efficiency was observed.

The frequent occurrence of negative changes in the neasured
efficiencies are difficult to explain., Attenpting to tune-up systens
already in good operating condition (such as those that had an effici ency
greater than 76% could have resulted in a decrease in perfornance.

Anot her pl ausi ble explanation is that the pre-weatherization steady-state
efficiencies were biased on the high side because the strength of chimey
drafts were less in the sunmer than the winter, steady-state conditions
were nore likely achi eved before neasurements were nmade in the winter
than the sumer, or all the test equi pnent used by the single contractor
to nake the pre-weatherization nmeasurenments (nore than one anal yzer was
used) was out of calibration. Use of different contractors with
different equipnment nore likely introduced scatter in the results than a
2-4% bi as. Additionally, the difficulty in making consistent readings on
equi pnent with built-in draft diverters introduces scatter rather than a

bi as.

Concl usions regarding the benefit of tune-ups and the accuracy of
the prediction nethod are difficult to nake because of the frequent
occurrence of negative changes in the neasured efficiencies. Assum ng
the data are correct, tune-ups increase the steady-state efficiency only
on systens with steady-state efficiencies presently less than 76% (a
tune-up performed on systens with efficiencies greater than 76% woul d
usually result in a decrease in performance) and the prediction nethod
overpredicts efficiency increases. Assum ng efficiency neasurenents nade
in the summer were higher than those nmade in the winter due to

nmeasur enment bias inproves the observed perfornmance of tune-ups and the
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Fig. 7.5. Comparison of the measured change in steady-state
efficiency of the space-heating systems in the audit houses following
tune-up to the predicted change. The solid line indicates where measured
and predicted savings are equal. The dashed line is a least fit
regression line for the data
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accuracy of the prediction nethod, although the value of such a bias is
unknown. From Figs. 7.4 and 7.5, a bias of 2% m ght be assumed because
of the likelihood that no actual change in efficiency occurred, on

average, in houses with efficiencies greater than 79% (predicted change
of 0%). Thus, in this case, tune-ups may increase efficiency on systens

with steady-state efficiencies less than 78%.

Recommendations for future neasurenents of efficiencies in field

tests include:

1. calibrate conbustion efficiency test equi pnent before naking
pre-and post-weat heri zati on measurements,

2. use the sane instrunent for all houses,
3. use the same instrunent for the pre- and post-measurements,
4. docunent |ocations within the space-heating systemwhere pre-

weat heri zation tenperature and gas sanpl e readings were taken
and take post-weatherization readings in the sane locations,

5. make pre- and post-weatherization measurenents during identica
seasons,
6. make pre- and post-weatherizati on measurenents in contro

houses, and

7. have the heating contractor record efficiencies inmrediately
before and after performng all work.

7.3 HOUSE | NDOCR TEMPERATURE CHANGES

I ncreased house indoor tenperatures follow ng weatherization has
often been a primary explanation for why neasured savings from
weat heri zation are |less than predicted savings. |ndoor tenperatures were
monitored in the field test specifically to study and account for this
possi bl e behavi or. In anal yzing the neasured savings, changes in indoor
tenperature were accounted for directly in the analysis methods.

However, insight can be gained as to the changes that are occurring from

a direct analysis of the indoor tenperature data.
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For each house, an average pre- and post-weatherization indoor
tenperature was cal cul ated by averaging data collected in the nonths of
January through April. These tenperatures and their changes are |isted
in Table 7.3 for the control houses and Table 7.4 for the audit houses.

Aver age pre-weatherization indoor tenperatures ranged from about 60
to 78°F. The average for the control houses was 68.9°F and the average
for the audit houses was 68.19F, a difference that is not statistically
significant at a 95% confidence level. Considering the fact that the
tenperature recorders read about ©¢.75°F low, the average i ndoor
tenperature mai ntained by the occupants during the pre-weatherization

w nter was about 69°F.

Fol | owi ng weat heri zation, the indoor tenperature increased or
decreased in both control and audit houses by as nmuch as 8°F, although
changes were less than 2°F in nore than 70% of the houses. These changes
are shown in Fig. 7.6, where no noticeable difference betwen control and
audit houses is evident. n average, the indoor tenperature increased in
the audit houses by 0.5°F and decreased in the control houses by 0.1°F.
However, neither of these changes nor the difference between changes are
statistically significant at the 95% confidence |evel (althoughthe

change in the audit houses is significant at a 90% confi dence level).

These results confirm conclusions drawn from previous ORNL
experinents (Ternes and Stovall 1988) that indoor tenperature and its
change does not contribute significantly to |ower than expected savi ngs
observed in weat herizati on prograns but does contribute to the variation
i n neasured savings observed in individual houses. As in these previous
experinents, the average tenperature naintained in the audit houses is
about that expected (68-70°F), and the average change in indoor
tenmperature for the audit group of houses is nearly zero and about equal
to that observed in the control group. Indoor tenperatures maintained in
i ndi vi dual houses and changes in the tenperature follow ng weatherization
are unique for each house, which introduces variability in energy

consunption and savings anong houses.
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house i ndoor tenperatures

Average |ndoor Temperature

House Pre-weatherization = Post-weatherization Change
°P CH (°A
2 78.13 71.16 -6.97
6 73. 36 73.79 0. 43
7 76. 06 75.38 -0.68
8 71.75 70.72 -1.02
11 76.38 78.33 1.95
12 63. 84 64. 43 0.59
27 66. 96 62.34 -4.62
30 71.03 71. 07 0.04
31 66. 76 68.50 1.74
51 71.78 69. 93 -1.85
58 69.59 70. 26 0.68
65 62. 77 64. 85 2.09
75 69. 08 70.81 1.73
78 70.64 70. 40 -0.23
81 65. 05 65. 22 0.17
85 70. 61 70. 04 -0.57
87 72.81 74.38 1.57
92 67.13 68. 81 1.68
93 64.04 65. 83 1.79
94 66. 06 66. 98 0.92
95 73.17 71. 49 -1.69
103 65. 97 66. 39 0.43
108 67. 22 67.93 0.70
109 68. 07 67.53 -0.54
111 66.31 69.54 3.22
114 67. 47 68. 03 0.57
116 61.70 61. 09 -0.61
121 71.81 72.54 0.73
122 65. 89 65.51 -0.38
127 68.11 67. 50 -0.61
134 75.07 75. 48 0.42
135 69. 87 68.94 -0.94
140 63. 38 64.55 1.17
142 66. 86 69. 41 2.55
144 71.94 72.06 0.12
145 71. 67 71.32 -0.35
149 64.73 57. 28 -7.46
150 65.35 65. 51 0.16
152 72. 00 70. 38 -1.62
159 66. 62 66.60 -0.02
160 67.49 68.12 0.63
161 73.02 73.61 0.59
163 63. 09 62. 69 -0.40
174 71. 69 71.83 0.14
Average: 68. 92 68. 83 -0.09
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Table 7.4. Audit house indoor tenperatures

Aver age__| ndoor Temperature

House Pre-weatherization Post-weatherization Change
CH °P (°F)
1 62. 06 62. 13 0. 06
3 62.71 60. 37 -2.34
14 66. 58 69. 84 3. 27
16 68. 38 64. 98 -3.39
26 67. 62 69. 77 2.14
28 72.39 71. 62 -0.76
48 68. 96 70.55 1. 59
59 66. 29 66. 40 0.11
68 71.90 66. 29 -5.61
70 70. 20 73.79 3.58
72 70. 65 70. 39 -0. 27
76 67. 28 66. 57 -0.70
79 70. 19 69. 48 -0.71
84 67.25 69.53 2.29
86 66. 11 67.73 1.62
88 64. 61 64. 87 0.26
91 67. 60 68. 21 0.60
105 70. 05 69. 65 -0.41
106 66. 43 71.82 5.39
110 63. 23 63.94 0.72
113 64.12 63. 93 -0.19
115 65. 45 65. 48 0.03
120 67. 90 69.37 1.46
124 62. 86 64. 41 1.54
129 69. 27 71.13 1.86
143 74.54 74. 66 0.11
146 68. 08 69.19 1.11
147 70. 90 70. 57 -0.33
148 67. 90 73.05 5.15
154 70. 69 70. 58 -0.11
155 70.76 68. 43 -2.33
156 65.13 66. 18 1.05
165 68. 21 70. 27 2.06
167 63. 42 65. 84 2.42
170 70. 23 70.57 0.34
172 60. 33 61. 09 0.76
9 71.05 71.13 0.07
29 68. 09 68. 28 0.20
73 76. 90 77.06 0.16
89 64. 66 67.05 2.38
131 69. 86 69.16 -0.70
141 70.76 72.44 1.68
153 70. 67 69. 79 -0.88
166 73.18 74.01 0.83
169 71.03 69. 22 -1.81
Average: 68.14 68. 68 0.54
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7.4 HOUSE | NTERNAL ENERGY CONSUMPTI ON

For each house, average weekly gas consunption by appliances other
than the space- and water-heating systems (stove and/or dryer) and
average weekly electricity consunption were calculated for the pre- and
post - weat heri zati on periods by averaging data collected in the nonths of
January through April. Hectricity consunptions and changes for the
control and audit house are listed in Tables 7.5 and 7.6; gas

consunptions and their changes are listed in Tables 7.7 and 7.8.

Determining the internal load of a house is conplicated because
energy sources other than those identified above (such as water-heating
energy consunption and the occupants themselves) contribute to the load.
Determining internal load is further conplicated because only a portion
of the energy consunption of the different sources represents useful heat
entering the house, a portion that nust be estimated and is likely
different for each house. Nevertheless, because the consunptions
identified in the above paragraph significantly affect house internal
| oad, exam nation of their changes does indicate if a change in interna

load likely occurred.

For both the control and audit houses, electricity consunption did
not change on average; average weekly consunptions of 128 and 127 kWh
were naintained during both winters for the two groups of houses,
respectively. Large changes did occcur, though, in several individua

houses which could affect measured space-heating energy consunption

Simlarly, gas consunption of stoves and dryers in the audit houses
did not change on average (the change observed in the control houses is
not statistically significant at the 95% confidence level) but did change

in individual houses, especially House 2 (a control house).
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Table 7.5. Control house el ectricity consunptions

Average Weekly FElectricity Consumption

House Pre-weatherization Post-weatherization Change
(kWh/week) (kW week) (kW week)

2 125 204 79
6 67 67 0
7 74 77 3
8 71 66 -5
11 182 178 -5
12 52 60 7
27 166 139 -28
30 91 91 0
31 168 184 16
51 113 159 46
58 136 144 7
65 56 54 -2
75 293 227 - 66
78 218 212 -6
81 166 185 19
85 166 158 -8
87 106 103 -2
92 144 167 23
93 118 114 -4
%4 157 149 -8
95 133 126 -7
103 7 102 8
108 160 150 -10
109 109 89 -20
111 199 213 14
114 150 137 -13
116 136 163 27
121 233 221 -11
122 93 58 5
127 91 114 24
134 134 136 2
135 134 112 -22
140 127 128 0]
142 83 95 13
144 119 108 -11
145 116 107 -9
149 157 60 -96
150 109 113 4
152 100 101 1
159 84 103 19
160 83 93 10
161 104 108 4
163 103 101 -1
174 122 123 1
Average: 127 127 0
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Table 7.6. Audit house el ectricity consumptions

Averape Weeklv Electricityv Consumption

House Pre-weatherization Post-weatherization Change
(kWh/week) ( KW/ week) (kW week)

1 59 58 -1
3 122 123 2
14 168 157 -10
16 20 88 -3
26 35 34 -1
28 125 122 -3
438 93 95 2
59 59 59 0
68 70 81 11
70 70 74 4
72 97 80 -17
76 155 140 -15
79 367 487 120
84 80 76 -5
86 159 140 -19
88 192 157 -34
91 125 113 -12
105 119 110 -9
106 132 158 26
110 53 48 -4
113 88 85 -3
115 192 216 24
120 114 131 17
124 52 54 1
129 151 164 13
143 83 93 9
146 115 122 7
147 163 144 -20
148 144 158 13
154 154 142 -11
155 178 144 -34
156 227 223 -4
165 109 105 -4
167 138 147 9
170 151 160 9
172 53 52 0]
9 350 321 -30
29 119 133 14
73 137 126 -11
89 199 176 -23
131 51 49 -2
141 103 103 0]
153 164 163 -1
166 85 76 -9
169 88 87 1
Average: 128 128 0
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Table 7.7. Control house appliance gas consunptions

Averapge Weekly Appliance Gas Consumptions
House Pre-weatherization Post-weatherization Change
(t her ns/ week) (t her ns/ week) (t her ns/ week)
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Audit house appliance gas consunptions

Table 7.8.

Average Weeklvy Appliance (3S Consumptions

Pre-weatherization

Change
{therms/week)

Post-weatherization

House

(therms/week)

therms fweek)
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8. ENERGY SAVI NG5S ANALYS S APPROACHES AND MCDEL DESCR PTI ONS

8.1 SPACE- HEATI NG ENERGY SAVI NG5S DEF N T1 ONS

The annual energy savings occurring in a weatherized house can be
defined in different ways., nhe generally accepted definition is the
annual anount of energy saved if all factors are kept constant before and
after weatherization except for the ECMs thenselves. This definition is
applicable if the savings actually induced by the ECM only is of
interest. The savings defined in this manner is not the sane as the
observed annual energy savings, because this latter savings is influenced
by differences in outdoor and indoor climte, occupant behavi or changes
(such as changes in internal |oads and room cl osures), and changes in

occupancy foll ow ng weat heri zati on.

Consistent with this definition, the neasured space-heati ng energy
savings were nornmalized in this study to average annual out door
tenperatures and a standard house indoor tenperature (68°F for all houses
before and after weatherization). |In this study, the measured space-
heating energy savings are not influenced by changes in occupancy because
the few houses that did have new occupants were dropped fromthe study.
Because the space-heating energy savings for nost ECMs were estimated by
the sel ection technique assumng typical outdoor tenperatures and a
standard 68°F indoor tenperature (savings for space-heating system ECMs
were al so based on current space-heating energy consumption), the
normal i zed savings can be conpared to the savings estimates because both
are determned on a common basis. Additionally, the nornalized space-
heati ng energy savings of individual houses can be conpared to each other
on an equal basis (differences anong the pre- and post-weat heri zation
i ndoor tenperatures of the houses are renoved by the indoor tenperature

normalization).

The normal i zed annual savings for the control houses can be used to
adj ust the normalized annual savings cal cul ated for the audit houses,

especi al |y when group rather than individual house savings are
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considered. The nornalized annual savings for the control houses wll
verify the normalization ability of the defined approach and may be used
to account for occupant behavi or changes other than changes in indoor
tenperature (suchas internal |oad, room closures, and w ndow and door
openi ngs) that cannot be considered directly. Consideration was given to
normalizing the savings for internal |oads directly, but this approach
was not pursued because of large uncertainties associated with

determining the internal |oads fromthe neasured data.

For each house, the neasured savings could have been nornalized to
the actual pre-weatherization indoor tenperature naintained in the house
rather than to a standard tenperature of 68°F. The savings determ ned
under this approach woul d represent the savings achieved in these houses
as they are currently operated and, when averaged, the savings that would
be achieved through a large scale inplementation of a weatherization
programusing this technique in simlar houses. However, because the
savings are not normalized to the sane assunptions used to estimate
savings, interpreting conparisons between predicted and neasured savings
to determne the accuracy of the selection technique would be nore
complicated. Because the average pre-weatherization indoor tenperature
of the honmes was 68°F, the average measured savings of the audit houses
normal i zed to 68°F will represent the average savings that are achieved

in these houses as they are currently operated.

8.2 SPACE- HEATI NG ENERGY GONSUMPTI ON MCDELS AND ANALYSI S APPROACH

Normal i zed annual space-heating energy consunptions used to
calcul ate savings were estimated fromthe pre- and post-weatherization
data using house energy consunption nodels and regression analysis to

account for the followi ng factors:

1. time periods over which the data were collected were unequa
and did not cover the entire winter periods,

2. pre- and post-weatherization outdoor tenperatures were
different and not equal to the typical outdoor tenperatures
desired for nermalization, and
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3. i ndoor tenperatures maintained in each house over the two
periods were not the sanme and were not equal to the standard
tenperature desired for normalization.

The house energy consunption nodel assunes that space-heating energy
consunption is linearly related to the tenperature difference between the

inside and outside of the house:
EC- A+ (B* DI ,
wher e

EC - energy consunption of the space-heating system
DT - indoor mi nus outdoor tenperature difference,
A - intercept coefficient (determned by regression), and

B - slope coefficient (determned by regression).

Linear regression techniques were used to estinate the parameters, A
and B, for the pre- and post-weatherization periods for each house using
the pre- and post-weatherization data, respectively. Although the energy
consunption data were collected primarily on a weekly basis, collection
periods did vary in duration (especially if a weekly reading for a given
house was missed). Consequently, the energy consunptions used in the
regressi on anal yses were normalized to weekly consunptions by dividing
the energy consunption for the period by the duration of the period in
weeks, The tenperature differences used in the anal yses were the average

di fference between hourly indoor and outdoor tenperatures for the period.

Pre- and post-weatherization nornalized annual space-heating energy
consunptions were cal cul ated using the estinated pre- and post-
weat heri zation regression values for A and B found for each house,
average outdoor tenperatures from a Typical Meteorol ogical Year (TMY)
weat her tape for Buffalo, (assuned to represent historical conditions),
and a 68°F indoor tenperature. \ekly average tenperature differences
were cal culated using the TMWY outdoor tenperature data and 68°F as the
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i ndoor temperature. Because positive tenperature differences resulted
even during the summer nmonths when no space heating was needed, only
tenperature differences fromSeptenber 10 to May 27 (representinga 37-
week wi nter period during which space heating was required) were used.
Each average weekly temperature difference was then used with values of A
and B for each house to estimate a weekly space-heating energy
consunption. The weekly values were summed to obtain an estimate of the
normal i zed annual space-heating energy consunption of each house.
Normal i zed annual energy savings were than found by subtracting the post-

weat heri zati on consunption from the pre-weatherization consunption

The normalized annual energy savings of each audit house was
adj usted using the normalized annual savings of the control houses to
account for factors affecting space-heating energy consunption other than
the EcMs thenselves. A procedure followed by other researchers
(Fels 1986) was used to make this adjustnent. First, an adjustnent
factor was cal cul ated by dividing the average post-weatherization space-
heating energy consunption of the control houses by their average pre-
weat heri zation consunption. The adjusted savings of each audit house was
then cal cul ated by nmultiplying the pre-weatherization space-heating
energy consunption by this factor and subtracting the post-weatherization

consunption fromthis quantity.

8.3 VWATER HEATI NG ENERGY GONSUMPTI ON ANALYSI S APPROACH

The wat er-heating system ECMs installed in the houses are designed
to save energy year round. To deternine the annual energy consumption of
the wat er-heating systembefore and after weatherization, an average
weekly energy consunption was determ ned using water-heating energy
consunption data coll ected fromJanuary to April for each period and
multiplied by 52. Energy savings were then found by subtracting post-
weat heri zati on consunption from pre-weatherization consunption. As with
the space-heating energy savings, the water-heating savings of the

control houses were used to adjust the savings of the audit houses.
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e limtation of this sinple analysis is that the seasonality of
wat er - heati ng energy consunption is not taken into account. Another
limtation is that the consunptions and savings are not nornalized to any
appropri ate vari abl es, such as hot water consunption that significantly
af fect energy consumption, Because data were not coll ected over the
sumrers or on hot water consunption, these limtations cannot be directly
addressed. The latter limtation is addressed indirectly, though, by
adjusting the audit house savings with those for the control houses. To
performa proper evaluation, the inlet water tenperature, storage tank
wat er tenperature, and hot water consumption would need to be nonitored

in addition to water-heating energy consunpti on.
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9. ENERGY CONSUWPTI ONS AND SAVI NGS
9.1 SPACE HEATI NG ENERGY SAVI NGS

Wsing the nodel s and anal ysis approach presented in Sect. 8.2,
nornal i zed annual pre- and post-weatherization space-heating energy
consunptions and space-heating energy savings were estimated for each
house. Results for 43 control houses are presented in Table 9.1 and for
38 audit houses in Table 9.2. Because of inadequate space-heating energy
consunption data or indoor tenperature data, space-heating energy
consunptions and savings could not be determined using the desired

anal ysis approach in eight houses (one control and seven audit houses).

Coefficients of determination (Rq) for the regressions are presented
in these tables. Coefficients for the pre-weatherization regressions
were greater than 0.8 (and generally greater than 0.9) for all but three
control houses. Coefficients for the post-weatherization regressions
were generally less than the pre-weatherization val ues but remai ned above

0.8 for all except nine control or audit houses.
9.1.1 Gontrol Houses

The annual nornalized pre-weatherization space-heating energy
consunptions ranged froma low of 320 thernms to a high of 1541 therns,
with the average being 902 therns. The post-weatherization space-
heati ng energy consunptions increased, on average, by 61 therms/year to
963 therms/year, a change that is statistically significant at a 95%
confidence level. Individually, space-heating energy consunption
i ncreased in nost houses although savings in sone houses did occur, as
shown in Fig. 9.1. A this same |level of confidence, the energy
consunption increases of individual houses were significantly different

than zero in all but 10 houses.

A reason for the observed increase in the average space-heating

energy consumption of the control houses is not known, especially
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Table 9.1. Control house space-heating energy consunptions

Nor nal i zed
Coefficient of annual heating Annual ener gy
det ermi nati on energy consumption savings with 95%
House Pre Post Pre Post confidence limts

{therms/year) (therms/year) (therns/year)

2 0. 88 0. 86 320 741 -421  +/-42

6 0.98 0.93 737 818 -82 19

7 0.98 0.98 639 659 -19 15

8 0.98 0.92 1035 1109 -75 25
11 0.99 0.93 919 783 136 35
12 0.98 0.95 767 791 -25 14
27 0.97 0.95 979 1120 - 142 25
30 0.98 0.81 1541 1657 -116 41
31 0. 37 0.90 537 455 82 37
51 0.98 0.96 810 823 -13 22
58 0.93 0.78 985 1127 - 142 50
65 0.97 0.92 927 990 -63 21
75 0.98 0. 83 1020 847 173 47
78 0.98 0.93 1035 1298 -263 33
81 0.99 0.83 911 1119 - 208 40
85 0.95 0.91 915 921 -6 31
87 0.98 0.97 886 860 26 21
92 0.96 0.77 1068 1204 -136 42
93 0.97 0.54 1129 1161 -32 55
94 0.77 0.58 1313 1693 -380 80
95 0.98 0.84 904 973 - 69 31
103 0. 97 0.89 739 773 -34 20
108 0.92 0.84 860 851 9 36
109 0.93 0. 86 1103 1136 -33 30
111 0. 96 0.92 1129 1235 - 106 32
114 0.05 0 839 854 -15 51
116 0. 96 0.93 1195 1205 -11 30
121 0.97 0.88 430 447 -17 28
122 0. 96 0.81 927 1005 -78 28
127 0.98 0.88 420 438 -18 15
134 0.94 0.96 1229 1250 -21 45
135 0.95 0.91 771 907 -136 26
140 0.92 0.94 867 898 -31 30
142 0.97 0. 87 983 1110 -127 34
144 0.92 0.74 700 848 - 148 37
145 0. 89 0.95 857 873 -15 28
149 0.97 0.94 938 991 -53 19
152 0.95 0.85 392 414 -21 20
159 0.93 0.84 640 681 -41 30
160 0.99 0.9 1324 1289 35 29
161 0.99 0.94 1137 1218 -81 30
163 0.95 0.94 761 775 -14 17
174 0.98 0. 89 1176 1059 117 49

Average: 902 963 -61  +/-41
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Table 9.2, Audit house space-heating Energy consumptions
Normalized 95Z confidence
Coefficient of annual heating Adjusted limit for
determination epergy consumption Annual heating enersv savines minus normalized
House __ Pre Post Pre Post Normalized adiusted Predicted _ vredicted savings
(therms/year) (therms/year) (therms /year) (therms/year) (therms/year)

1 0.88 0.95 139% 118 237 331 343 -12 +/-17

3 0.96 0.85 1469 1371 98 196 435 -239 33
14 0.96 0.86 786 580 206 259 324 -65 25
16 0.98 6.91 482 431 50 83 83 0 16
26 0.87 0.97 767 751 16 68 238 -170 18
28 0.97 0.69 697 572 124 171 328 -157 28
48 0.88 0.93 495 498 -3 30 12 -102 13
58 0.96 0.92 1206 1263 -57 24 26 -2 27
68 0.99 0.98 1124 873 251 327 430 -103 18
70 0.97 0,95 882 671 211 270 357 -87 16
72 0.98 0.95 906 956 -50 n 57 -46 18
76 0.96 0.76 735 760 -25 24 41 -17 33
79 0,96 0.85 1103 868 235 310 776 -466 58
84 0.96 0,92 900 484 416 477 257 220 18
88 0.97 0.93 1307 1059 248 336 428 -92 30
91 0.83 0.70 168 283 344 454 569 -115 107

105 0.93 0.90 1061 865 19 267 270 -3 34
106 0,95 0.82 1700 694 1006 1120 417 703 42
113 g.97 0.93 508 510 -2 33 15 18 1
15 0.85 0.91 850 674 175 233 178 55 37
124 0.93 0.79 1051 900 151 221 3s8 -137 31
129 0.97 0.92 o11 1003 -92 -30 29 -59 34
143 0.97 0.89 883 635 253 313 275 36 26
146 0.94 0.87 1225 888 337 420 403 17 32
147 0.99 0.94 710 691 18 66 264 -198 17
148 0.99 0.88 1222 607 615 697 508 189 30
154 0.96 0.91 208 827 80 142 224 -82 30
156 0.85 0.96 1802 1266 536 657 782 -125 33
165 0.98 0.81 895 1092 -197 -136 302 -438 34
167 0.97 0.88 948 704 244 306 265 43 28
170 0.86 0.92 873 777 9% 155 252 -97 29
172 0.85  0.82 1255 1116 139 224 14 70 33
Average: 1022 836 13 252 298 -46

Houses 10 be compared with predicted savings only:

9 0.91 0.92 1592 900 693 800 956 -156 +/-66
29 0.99 0.83 1166 839 327 406 304 [07] 50
73 0.98 0.92 306 327 -21 0 109 -109 21
89 0.98 0.93 13%6 981 375 466 274 102 25

141 0.98 0.92 862 661 201 259 202 57 22
153 0.96 0.92 510 506 4 3s 0 38 21
Average of ail houses: 1013 817 19% 264 299 -35
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control houses to their pre-weatherization space-heating energy
consumption.
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considering that no ECMs were performed on the control houses (either as
part of the field test or, individually, by the hone owners) and the
energy consunptions were normalized to constant indoor tenperature.
Qccupant behavi or changes ot her than indoor tenperature and internal | oad
changes are a likely cause of the observed increase. A though occupant
behavi or changes can be induced by nany factors (such as increasing or
decreasing fuel prices and unemployment), the changes that can occur
within the house are predoninately linmted to indoor temperature,
internal |oad, roomclosures, and w ndow and door openings. Major
factors of indoor tenperature and internal |oad were already either
considered in the analysis or shown not to have likely changed (see Sect.
7.4).

The nornalized annual savings of the audit houses can be adjusted by
the nornalized annual savings of the control houses to account for
affects that caused the increased energy consunption in the control
houses, be it room eclosures, w ndow or door openings, a bias introduced
by the analysis nethod, or other cause. Because the consunption were
normal i zed using indoor tenperature, it was originally thought that this
woul d account for nobst occupant behavi or influences and, thus, elimnate
the need for control houses. Because of the average change observed,

such a recommendati on cannot be made.

9.1.2 Audit Houses

The nornal i zed annual pre-weat herization space-heating energy
consunptions of the audit houses ranged from 306 to 1802 therms, with an
average of 1013 therns. At the 95% confidence |level, this average
consunption is not statistically different fromthat neasured for the
control houses (902 therms/year), even though wall insulation was nore

prevalent in the control houses (see Sect. 4.3),.

After adjusting the normalized energy savings of the audit houses by
the factor devel oped using the nornalized control house savings, the

aver age space-heating energy savings achi eved by ECM sel ected using the
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sel ection techni que was 252 therms/year, approximately 25% of the pre-
weatherization space-heating energy consunption. The 95% confi dence
interval for these adjusted savings is +- 91 therms/year, indicating
that the adjusted savings were significantly different fromzero. This
interval also indicates that w despread weatherization of houses simlar
to those field tested and using the selection technique would result in
average space-heating energy savings between 161 and 343 therns/year.

Only 32 of the 38 audit houses listed in Table 9.2 were used to determ ne
the average adjusted savings; the remaining 6 houses were those that were
weatherized incorrectly because of the nmeasure sel ection technique

m st ake (see Sect. 6 and Appendix C and were only used to conpare

predi cted and adjusted savings. The average cost to install ECMs
designed to reduce space-heating energy consunption (excluding water-

heati ng system ECMs) in the 32 houses was $1, 309

The distribution of adjusted space-heating energy savings for the 32
audit houses is shown in Fig. 9.2. ly tw houses with negative
adj usted savings were found. In one of these houses, the adjusted energy
consunption increased only 30 therms/year; the 95% confidence interval of
the change was +/- 34 therns/year, indicating that the increase was not
significantly different from zero; and few EOMs (having correspondi ngly
smal | expected savings) were installed. Reasons for the negative savings

in the second house could not be identified.

The wi de range of adjusted energy savings shown in Fig. 9.2 and the
| arge nunber of houses with positive savings |less than 100 therns/year
resul ts because the selection technique concentrates ECMs in hones that
can nost benefit fromthem As shown in Fig. 9.3, greater savings were
achi eved i n houses receiving the greater degree of conservation effort.
Because expenditures for ECMs designed to reduce space-heating energy
consunption (excludi ng wat er-heating system ECMs) were generally greater
in houses with greater pre-weatherization space- heating energy
consunption (see Fig. 9.4), greater savings were also achieved in these

houses (see Fig. 9.5).
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Table 9.3 summarizes the adjusted space-heating energy savings and
installation costs for ECMs designed to reduce space-heating energy
consunpti on (excluding water-heating system EOM) for houses with pre-
weat heri zati on space-heati ng energy consunptions greater than the average
value for the audit houses (approximately 1000 therms/year). For this
sel ect group of houses, the adjusted space-heating energy savings
averaged 399 therns/year, approxinmately 30% of their pre-weatherization
space- heati ng consunption. Consequently, applying the neasure sel ection
techni que to houses presel ected based on pre-weat heri zati on space-heating
energy consunption woul d likely inprove program energy savings
significantly. Because these savings were achieved at a greater cost
($1772/house conpared to $1309/house), the econom cs of such an approach

are further examned in Sect. 9.4

The predicted energy savings shown in Table 9.2 are based only on
ECM actually installed in the houses and, thus, do not include predicted
savings for EOMs recommended by the sel ection technique that could not be
installed. A predicted value defined in this manner is useful in
eval uating the accuracy of algorithns used in the selection technique to
predi ct energy savings. The accuracy of the selection technique fromthe
poi nt of view of how many recommended EOMs could be installed was

evaluated in Sect. 6.

The sel ection technique was found to be reasonably accurate in

predi cting average space-heating energy savings. Using all 38 houses,
the average adjusted space-heating energy savings due to the ECW was
only 35 therns/year bel ow the average predicted value of 299 therns/year,
or about 88% of predicted. The 95% confidence interval associated with
conparing the average predicted and adjusted savings is +- 6 therns/year
(based on the uncertainty of the individual house neasurements and not
the variance between individual houses). Thus, although the difference
of 35 therns/year is small, the difference is statistically significant

and not due to measurement errors.
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Table 9.3. Audit houses with pre-weatherizati on space-heating
energy consunption greater than 1000 therns/year

Normalized
pre-weatherization Adjusted
space-heating space-heating Installation
energy consunption energy savi ngs cogt?
House (therms/year) (therns/ year) (@)
1 1395 331 713
3 1469 196 1443
59 1206 24 161
68 1124 327 2071
79 1103 310 2007
88 1307 336 2817
91 1628 454 2073
105 1061 267 1489
106 1700 1120 1657
124 1051 221 2086
146 1225 420 2378
148 1222 647 2391
156 1802 657 2661
172 1255 224 864
Average: 1325 399 1772

dEnergy conservation nmeasures designed to reduce space-heating energy
consunption only (excluding water-heating system measures).
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Al though the selection technique is not statistically accurate for
individual houses, it was found to predict the space-heating energy
savings of nost within reason. The difference between predicted and
adjusted savings in individual houses is significant at the 95%
confidence level in all but six houses. However, as shown in Fig. 9.6,
houses are generally grouped near the line representing equality between
adj usted and predicted savings (the solid line in the figure). Agreenent
bet ween predicted and adj usted savings is especially good for houses in
which few ECMs were installed (low predicted savings), which reflects the
accuracy of the analysis nethod as well as the accuracy of the sel ection

technique.

As seen fromFig. 9.6, the adjusted savings of only three houses are
different frompredicted by at |east 400 therns/year. The house with a
predi cted savings of about 800 therns/year used wood heating a
considerabl e part of the day, which likely contributed to the
overprediction of gas space-heating energy savings. This house was al so
the largest audit house, having a non-basenent floor area 300 £t greater
than the next |argest house. Definitive reasons for the deviations in
the remaining two houses could not be identified. It was noted that both
houses had a boil er space-heating system The house with a predicted
savings of about 400 therns/year was the only audit house with a steam
boiler,

The scatter observed in Fig. 9.6 mght be reduced if accurate
internal |oads were included in the analysis; changes in internal |oad
af fect space-heating energy consunption which can lead to scatter in the
space-heating energy savings. The average savings would not |ikely be
af fected because the energy consunptions other than for space- and water-
heating did not change, on average, in the audit houses (see Sect. 7.4).

The linear regression nodel included on Fig. 9.6 (the dashed I|ine)
confirns that the data fall around the line of equival ency. Because the
regression line is rotated fromthe line of equivalency with the pivot
point near the origin, overprediction of the space-heating energy savings
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Fig. 9.6. GConparison of adjusted to predicted space-heating energy
savings for each audit house. An A indicates a house in which attic
insulation with a predicted savings greater than 75 therns/year was
installed, a Win which wall insulation with a predicted savings greater
than this value was installed, a WA that both wall and attic insulation
(each meeting this savings criterion individually) was installed, and a *
that neither was installed. The solid line indicates the points where
adj usted and predicted savings are equal. The dashed line is a least fit
regression line for the data.
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by a fixed percentage rather than by a fixed amount is indicated. |If the
techni que overpredicted savings in each house by a fixed amount, the
regression line would be nore parallel with the equival ency line and

shifted downward by the fixed amount.

For this study, the slight overprediction of space-heating energy
savings can be elimnated, on average, by using a 57°F bal ance point
tenperature rather than 60°F in estimating the savings of envel ope ECMs.
Savings for envelope ECMs were estimated in the selection techni que using
a vari abl e- based degr ee-day nethod and a 60°F bal ance poi nt tenperature
for each house (a uni que value for each house was not used as di scussed
in Sect. 5.3). Using a 57°F tenperature, the predicted savings for each
house is reduced by approxi mately the sane percentage, making the average
predicted value agree closely with the average adjusted savings. Because
a majority of the space-heating energy savings achieved in the houses was
due to envel ope rather than space-heating system ECMs, a change in the
net hod of estinmating savings for these latter ECQM woul d not
significantly inprove the conparison between predicted and adjusted

savings.

The possibility that the inaccuracy of the selection technique in
predi cting average space-heating energy savings could be due to a
specific neasure was investigated, but a definitive conclusion could not
be reached. As discussed in Sect. 6.3, the majority of the savings were
predicted to result fromwall and attic insulation. In Fig. 9.6, each
house is identified by whether attic or wall insulation with a predicted
savings greater than 75 therns/year was installed: an A neaning that
attic insulation neeting this criterion was installed, a Wthat wall
insulation was installed, a WA that both wall and attic insulation were
installed, and a * that neither was installed. Adjusted savings for
houses receiving wall but no attic insulation are generally predicted
accurately, with five houses being close to the equivalency line, two
above, and two below Adjusted savings for houses receiving attic but no
wal | insulation appear to be nore generally overpredicted: four of six

houses are overpredicted with two having zero or negative adjusted
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savings. Consistent with this latter result, 11 of 15 houses receiving
both attic and wall insulation are overpredicted. Despite these
observations, concluding that inaccurate savings predictions are due to
poor predictions of attic insulation savings is risky because only six

houses are directly involved.

9.2 WATER-HEATING ENERGY SAVI NGS

Using the nodel s and anal ysis approach presented in Sect. 8.3,
annual pre- and post-weat herization water-heating energy consunptions and
savings were estinmated for each house. Results for 41 control houses are
presented in Table 9.4 and for 40 audit houses in Table 9.5. Because of
i nadequat e wat er - heati ng energy consunpti on data, water-heating energy
consunptions and savings could not be determ ned using the desired
anal ysi s approach in eight houses {(threecontrol and five audit houses).

9.2.1 Control Houses

The annual pre-weatherization water-heating energy consunptions
ranged froma low of 11 therms to a high of 1125 therms, with the average
being 289 therns. The post-weatherization water-heating energy
consumption increased, on average, by 6 therns/year to 295 therms/year, a
change that is not statistically significant for a group of non-
weat heri zed houses at a 95% confidence level. This change is
significantly affected by the large increase in water-heating energy
consunption experienced by two houses (Houses 116 and 174). Because
these houses appear to be outliers (water-heating energy consunption was
much greater in House 174 in January during the second wi nter than either
the first winter or latter part of the second winter), the nean savi ngs
of 12 therms/year when these two houses are excluded better represents
the average (this mean is not statistically significant at a 95%
confidence level but is at 90%). The nedi an savings of 8 therns/year
confirns that this latter mean, rather than the mean of -6 therms/year,
nmay better reflect the savings achieved, on average, in the contro

houses.
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Tabl e 9.4. Control house wat er - heati ng energy consunpti ons

Annual wat er - heati ng

energy consumption Annual wat er - heati ng
House Pre Post energy savings___
(t her ns/ year) (t herns/ year) (therms/year)

2 553 470 82
6 11 5 6
7 113 117 -4
8 226 194 33
12 125 124 1
27 299 296 3
30 231 238 -7
31 356 346 10
51 411 343 98
58 580 523 56
75 1125 1044 82
78 241 219 22
81 383 354 29
85 304 274 29
87 377 394 -17
92 262 309 -47
93 183 183 0
A 190 197 -7
95 278 250 29
103 182 263 -81
108 431 389 41
109 233 219 14
111 331 321 10
114 526 518 8
116 318 710 -392
121 89 186 -97
122 135 7 41
134 468 433 35
135 457 506 -49
140 364 274 0
142 209 177 31
144 308 278 30
145 147 144 3
149 183 150 33
150 282 286 -4
152 164 157 7
159 226 212 14
160 113 140 - 26
161 126 140 -15
163 117 132 -15
174 193 500 - 308
Average: 289 295 -6

Excl udi ng Houses 116 and 174
Aver age; 292 280 12
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Table 9.5. Audit house water-heating energy consunptions

Annual wat er-heating Annual water-heating Adjusted mnus
energy consumption energy savings predicted

House Pre Post Measured Adjusted Predicted energy savings

(t herns/ year) (therns/ year) (therms/year)
1 205 192 13 4 30 - 26
3 214 238 -24 -33 38 -71
14 185 182 3 -4 33 -37
16 323 254 68 55 11 44
26 59 43 16 14 28 -14
28 396 317 79 63 37 26
48 154 98 55 49 28 21
59 98 42 56 52 41 11
68 360 386 - 26 -41 23 -64
70 68 45 23 20 39 -19
72 206 211 -4 -13 40 -53
76 305 299 6 -7 26 -33
86 398 304 9 78 23 55
88 445 401 44 26 56 -30
91 422 251 172 154 13 141
105 166 147 19 13 27 -14
106 354 402 -48 -63 36 -99
110 76 67 9 6 5 1
113 425 417 7 -10 5 -15
120 124 102 22 17 38 -21
124 107 116 -8 -13 0 -13
129 441 474 -33 -51 40 -91
143 141 132 9 3 44 -41
146 441 393 48 30 68 -38
147 363 325 38 23 48 -25
148 363 378 -15 -30 49 -79
154 217 208 9 0 41 -41
155 625 643 -18 -44 37 -81
156 522 458 65 43 21 22
165 102 128 -26 -30 18 -48
167 396 449 -52 -69 29 -98
170 237 218 18 9 33 -24
172 211 225 -15 -23 19 -42
29 378 476 -98 -114 7 -121
73 343 197 146 132 41 91
131 81 69 12 9 26 -17
141 127 117 10 5 28 -23
153 534 581 -46 -68 31 -99
166 207 169 37 29 33 -4
169 51 66 -15 -17 22 -39

Average: 272 256 16 5 30 -25
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9.2.2 Audit Houses

The annual pre-weatherization water-heating energy consunptions of
the audit houses ranged from51 to 625 therns and averaged 272 therms.
At the 95% confidence Iimt, this average consunption is not
statistically different fromthat nmeasured for the control houses (289

therms/year).

The measured energy savings of each audit house was adjusted by the
factor cal culated using the control house savings (after the two outlier
houses were excluded) to account for factors affecting water-heating
energy consunption other than the ECMs thensel ves. The adjusted water-
heati ng energy savings achieved by ECW sel ected using the sel ection
techni que averaged 5 therms/year, approxi mately 2%of the pre-
weat heri zati on wat er-heati ng energy consunpti on. The 95% confi dence
interval for these adjusted savings is +/- 16 therms/year, indicating

that the adjusted savings were not significantly different than zero

Addi ti onal anal yses support the above finding, that little savings
were neasured in this study due to the water-heating systemECMs. The
medi an savings of the control houses was 8 therns/year conpared to 9.5
therms/year for the audit houses before any adjustnents were made. A
direct conparison of the audit and control house nean savings (before
adjustment) confirms that there is no statistical difference between
them As seen in Fig. 9.7, except for the two control houses excluded
for being outliers, little difference in the non-adjusted wat er-heating
energy savings between individual control and audit houses is evident.

In general, the measure selection technique did not accurately
predi ct water-heating energy savings. The average adjusted savings for
the wat er - heati ng system ECMs was 25 therns/year bel ow the predicted
val ue of 30 therns/year, or about 17% of predicted. It should be noted
that the study was not specifically designed to measure snmall water-
heating energy savings (see Sect. 8.3). Decisions regarding water-

heating system EOMs shoul d not be nade based only on these results.
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Fig. 9.7. Comparison of the water-heating energy savings of the
field test houses to the pre-weatherization water-heating energy consumption.



123

9.3 TOTAL ENERGY SAVI NGS

Adj usted and predicted energy savings are summarized in Table 9.6.
Total adjusted energy savings were 257 therns/year conpared to a
predi cted savings of 328 therns/year. The total adjusted savings is 17%
of the pre-weatherizati on house gas consunpti on and 78% of the predicted

value.

9.4 ENERGY SAVI NGS ECONCMICS

The economi cs of the adjusted energy savings can be exam ned by
considering just the ECMs thensel ves or the weatherization program under
which the EOM were installed. The first analysis is inportant because
the neasure sel ection technique recommends ECOMs based on individual house
econom cs and does not consider the cost of conducting the weatherization
program. The latter analysis is needed to deternmine if the tota
expenditure of funds required to bring about house efficiency inprovement
is economcally justified. 1In both cases, the econom cs considered in
this report are based only on the energy savings achi eved and do not

i ncl ude social benefits.

The econom c anal yses presented in this report were perfornmed froma
consuner viewpoint in that energy savings were valued at the residential
cost of gas and discount rates appropriate to a homeowner were used.

This approach is justified because the nmeasure sel ection technique itself
was desi gned and conducted from a consuner vi ewpoint; the economc
criteria used in the selection technique (real discount rate —0.05 and
current residential cost of gas) led to the selection of a set of EQOW

estinated to be cost effective from the consumer viewpoint.

Assessing the econonics of the measure selection technique results
perforned froma consumer viewpoint in hindsight froma utility viewpoint
can be msleading. Economc criteria used in the selection techni que can
easily be based on a utility perspective. Had such a utility viewpoint

been used, a different set of ECM would likely have been selected, and



Table 9.6. Sumary of audit house energy consumptions and savi ngs

Annual
pre-weatherization Annual  Energy Savings Instal lation
energy consunption Adjusted® Predi ct ed Per cent Percent of cost
{therms/year) (therms/year) (therms/year) savings predicted ($)
Space heating?® 1022 252 + 91 298 25% 85% 1309
Wit er heating? 272 5 30 2% 17% 78
QG her gas use 182 _
Tot al 1476 257 + 91 328 17% 78% 1387

4Based on data for 32 audit houses.
bBased on data for 36 audit houses.

CIncludes 95% confidence internal.

%1
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the results would likely have been different. Moreover, assessing the
economics froma utility viewpoint likely requires a thorough | east-cost
pl anning anal ysis, which is beyond the capabilities of the selection

techni que and the scope of this project.

In evaluating the econonmics of the weatherization program an
adm ni stration cost of $400/house was assuned. Because of the research
orientation of the field test, the cost to admnister a full
weat heri zation programis not known. This cost was arrived at by
assuning $150/house to audit each house, $50/house to performan air-
| eakage test, and $200/house for other admi nistration functions (suchas
program pl anni ng, identifying customers, handling applications, checking
programeligibility, inspections and quality control, staffing, and
overhead). The costs for conducting the audit and ot her admi nistration
functions are consistent with those assuned by MeCold et al. (1988) in a
previous eval uation of the measure sel ection technique ($100 and
$200/house, respectively). The $200/house for other adm nistration
functions is also consistent with information collected by Berry (1989).
These data showed that an adm nistration cost ratio (admnistration cost
di vided by cost of ECMs) of 0.20 is a reasonable average figure for
residential weatherization prograns (conducted by electric utilities).
Wsing this ratio, an admnistration cost of about $275/house woul d be
estimated for this study. Because this cost includes a cost for
auditing, it is consistent with the $200 assuned in this study.
Admi nistration costs for weatherization prograns are dependent on many
factors and vary considerably anong programs; thus, the actual
adm nistration cost for a given programmay be quite different than the
$400/house assuned in this analysis. This variation nust be kept in m nd
inapplying the analysis results to a specific program

Results of the econonic analyses, based on the total energy savings
presented in Sect. 9.3, are presented in Table 9.7. |Installation of ECMs
costs an average of $1387/house and resulted in an average adjusted
savings of 257 therns/year. (The installation cost of $1387/house is the

average cost for the 32 audit houses used to estimate the average space-
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Table 9.7. Econom cs of the energy conservati on measures
and weat heri zati on program

Conservati on Weatherization
Measur es Pr ogr am

Install ati on cost 5138748 $1787b
Annual energy savings 257 therns/year 257 therns/year
Si npl e payback period® 9.3 years 12.0 years
Considering fuel escalation?
Benefit to cost ratio:¢:®

di scount rate = 0.05 1.44 1.12

di scount rate = 0.075 1.17 0.91

di scount rate = 0.10 0.98 0.76
Cost of conserved energy:®

di scount rate = 0.05 50.40/therm $0.52/therm

di scount rate = 0.075 $0.49/therm $0.64/therm

discount rate = 0.10 50.59/therm $0.76/therm
Not considering fuel escalation
Benefit to cost ratio:¢: ¢

di scount rate = 0.05 1.24 0. 96

di scount rate = 0.075 1.02 0.80

di scount rate - 0.10 0. 86 0. 67
Cost of conserved energy:*®

di scount rate = Q.05 $0, .47 /therm %0, 60/therm

di scount rate = 0.75 $0.57/therm $0., 73/therm

discount rate = 0.10 $0.67/therm $0..86/therm

8Installation cost based on 32 audit houses used to determne average
space- heati ng system energy savi ngs.

bassures $400/house for adninistration cost based on estimates di scussed
in the text.

CAssumes current cost of gas = $0.579/therm.
dryel escal ation rates obtai ned fromLippiatt and Ruegg (1988).

€Calculated assum ng 81% of space-heating savings due to energy
conservation neasures with a 20-year lifetine, 7%wth 15-year |ifetine,
10% with 10-year lifetinme, and 2% with 2-year lifetine; and 60% of
wat er - heati ng savi ngs due to energy conservation nmeasures with a 15-year
lifetime, 20%w th a 10-year lifetime, and 20%w th a 3-year lifetime.
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heati ng energy savings. This cost, rather than the $1453/house reported
in Sect, 6.2 for the 36 audit houses unaffected by the error in the
nmeasure sel ection technique, was used because it best represents the
costs for ECMs that produced the adjusted savings of 257 therms/year.)
Using NF's residential fuel cost at the time the EOMs were installed
($0.579/therm), the sinple payback period for the ECM is 9.3 years. The
si npl e payback period for a weatherization program using the selection
technique was estimated to be 12.0 years, assuming a total cost of

$1787 /house ($1387 for the installation of EOVM and $400/house for
administration). Payback periods of this magnitude are not unreasonabl e
because ECMs estimated to produce the greatest annual savings had assuned

lifetimes of 20 years.

In Table 9.7, cost effectiveness is presented by the BCR and the
cost of conserved energy. To calculate these quantities, the annual
adj usted savings had to be divided into savings from envel ope and space-
heating systemECMs with lifetimes of 2, 10, 15, and 20 years, and from
wat er-heating ECMs with lifetines of 3, 10, and 15 years based on
distributions devel oped fromthe predicted savings. BCRs for the
installation of the EOM and the weatherization program are presented for
different discount rates, with and without fuel escal ation considered,
and assuming NF's residential fuel cost at the tine the EOW were
installed ($0.579/therm)." The ECMs and program are cost effective under
the stated assunptions if the BCR is greater than 1.0. Additionally, Che
cost of conserved energy is presented for different discount rates with
and wi thout fuel escal ation considered. If the appropriate cost of gas
is greater than the cost of conserved energy, then the ECMs or program

are cost effective.

Based on the economic criteria used in the selection technique
(discount rate of 0.05, not considering fuel escalation, and NFs

residential fuel cost at the tinme the ECM were installed at

2Iil.e-,al, rather than nomnal, discount and fuel escalation rates were
used in the analysis and reported in this docunent (i.e., these rates are
exclusive of general price inflation).
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$0.579/therm), the primary goal of the selection technique, to reduce
energy consunption cost effectively through the installation of ECMs, was
achieved. The installation of the EOV was cost effective, resulting in
an overall BCR of 1.24 and a cost of conserved energy of $0.47/therm.
Under these same assunptions, a weatherization program costing $400/ house
above the cost of EOWM alone would not be quite cost effective (the
programwoul d be cost effective at an administration cost less than
$335/house) .

Assessing the econom cs of the nmeasure sel ection technique results
using econom c criteria different from those used in the selection
technique can be m sl eadi ng. If different criteria were used in the
sel ection technique, a different set of ECMs woul d |ikely be sel ected,

and the field test results would likely be different. Nevertheless, the
effect of different discount rates and fuel escalation are presented in

Table 9.7 (stillusing the residential cost of gas). By considering fue
escal ation, BCRs increase and the costs of conserved energy decrease; the
EOM alone renain cost effective even at discount rates of nearly 0.10,
and for a discount rate of 0.05, the weatherization programbeconmes cost
effective. |If fuel escalation had been considered in the selection
technique, additional ECMs woul d have been identified as being cost
effective and, thus, woul d have been performed. H gher discount rates
decrease the BCRs and increase the costs of conserved energy. Excluding
fuel escalation, the ECM alone remain cost effective at a discount rate
of 0.075. |If higher discount rates had been used in the technique, ECMs
with BCRs near 1.0 using the original criteria would not have been

reconmended for installation.

The econonics of ECMs designed to reduce space-heating energy
consunption only (Table 9.8) is of interest because savings of water-
heating system ECMs were too small to accurately neasure with the
approach used in this field test and the small savings that were neasured
were not achi eved cost effectively (a nore econom cal neans of
i npl enenting water-heating system ECMs will be addressed in Sect.

10.2.2). Conpared to results fromTable 9.7 for all ECMs, BCRs increased
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Table 9.8. Program econom cs assuning installation of
ener gy conservation nmeasures desi gned to reduce
space-heating energy consunption only

Conservati on Weatherization
Measures Program
Instal lati on cost $13098 §1709P
Annual energy savings 252 therns/ year 252 therns/year
Si nmpl e payback period® 9.0 years 11.7 years
Considering fuel escalati on”
Benefit to cost ratio:¢:®
discount rate - 0.05 1.51 1.16
discount rate - 0.075 1.23 0.9%4
discount rate - 0.10 1.02 0.74
Cost of conserved energy:®
di scount rate - 0.05 $0.38/therm $0.50/thern
discount rate - 0.075 $0.47/therm 50.62/therm
discount rate - 0.10 $0.57/therm 50.74/therm
Not considering fuel escalation
Benefit to cost ratio:©:®
discount rate - 0.05 1.30 0.99
di scount rate - 0.075 1.07 0. 82
discount rate - 0.10 0.90 0.69
Cost of conserved energy:®
discount rate - 0.05 $0.45/therm $0.58/therm
di scount rate - 0.75 $0.54/therm $0.71/therm
di scount rate —0.,10 $0.64/therm $0.84/therm

3Installation cost based on 32 audit houses used to deternine average
space- heati ng system energy savings.

PAssumes $400/house for admnistration cost based on estimates di scussed
in the text.

CAssumes current cost of gas - $0.579/therm.
dFuel escal ation rates obtained from Lippiatt and Ruegg (1988).

€Calculated assuming 81% of space-heating savings due to energy
conservation nmeasures with a 20-year lifetinme, 7%wth 15-year lifetime,
10%with 10-year lifetine, and 2%w th 2-year lifetine; and 60% of

wat er - heati ng savings due to energy conservation nmeasures with a 15-year
lifetime, 20%wi th a 10-year lifetine, and 20%w th a 3-year lifetime.
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and costs of conserved energy decreased. Because the changes were

slight, major observations regarding cost effectiveness remai n unchanged.

The econom cs of ECMs designed to reduce space-heating energy
consunption installed in houses with pre-weatherizati on space-heating
consunption greater than 1000 therns/year is provided in Table 9.9. This
approach is of interest because targeting high energy users within a
weat heri zati on program can be easily acconplished (especially for a
utility-run program), and nore ECMs were installed and greater energy
savings were achieved in houses with high energy consunption. Conpar ed
to results in Tables 9.7 and 9.8, this approach results in significantly
greater BGRs and | ower costs of conserved energy. The ECMs thensel ves
are cost effective at discount rates up to 0.10, even without considering
fuel escalation. A weatherization programw th $400/ house admi ni stration
cost |Is cost effective at discount rates up to 0.075 and, if fuel
escal ation is considered, up to about 0.10 (the administration cost woul d
have to be less than $100/house for a programto be cost effective at a

discount rate of 0.10 and without fuel escalation considered).

9.5 COVPARI SON TO PREVI QUS FI ELD TESTS

An earlier version of the selection technique was previously field
tested in Wsconsin (MCold et al. 1988, Ternes et al. 1988). Results
fromthis previous test are conpared to results obtained fromthe current
study in Table 9. 10.

Despite differences that existed between the housing characteristics
and clinate of the two studies, the average pre-weatherization space -

heating energy consunptions were about the same.

Adj usted energy savings achieved under this field test were greater
than those previously achieved and were obtained froma different set of
ECMs. e reason for the difference in energy savings is that water-
heating system ECMs were included in the recent test, although they saved

only an estimated 5 therns/year. 1In the current study, attic insulation
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Table 9.9. Economics assuming installation of energy conservation
nmeasures desi gned to reduce space-heati ng energy consunption only and
targeting hi gher energy users {(pre-weatherizationspace-heating energy

consunption greater than 1000 therns/year)

Conservati on Weatherization
Measur es Program
Instal | ati on cost $1772 §21722
Annual energy savings 399 therns/year 399 t herns/ year
Si npl e payback periodb 7.7 years 9.4 years
Consi dering fuel escalation®
Benefit to cost ratio:bP,d
discount rate - 0.05 1.76 1.44
di scount rate = 0.075 1.44 1.17
di scount rate - 0.10 1.19 0.97
Cost of conserved energy:d
discount rate = 0.05 $0.33/therm $0.40/therm
di scount rate = 0.075 §0.40/therm $0.49/therm
discount rate = 0.10 $0.49/therm $0.60/therm
Not considering fuel escal ation
Benefit to cost ratio:P.d
discount rate - 0.05 1.52 1.24
discount rate - 0.075 1.25 1. 02
discount rate - 0.10 1.05 0. 86
Cost of conserved energy:d
di scount rate - 0.05 $0.38/therm $0. 47/t her m
discount rate - 0.75 $0.46/therm 50.57/therm
discount rate - 0,10 $0.55/therm $0.67/therm

8assumes $400/house for admi nistration cost based on esti mates di scussed
in the text.

bassunes current cost of gas —$0.579/therm.
€Fuel escal ation rates obtained fromLippiatt and Ruegg (1988).

8Calculated assuni ng 81% of space-heating savings due to energy
conservation neasures with a 20-year lifetime, 7% w th 15-year lifetime,
10%w th 10-year lifetime, and 2%wi th 2-year lifetime; and 60% of

wat er - heat i ng savings due to energy conservati on neasures with a 15-year
lifetime, 20% with a 10-year lifetine, and 20% w th a 3-year lifetine.
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Conpari son of current
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results with those

froma previous study of the sel ection techni que

Qurrent Results
{New Yor k)

Previ ous Results?®
(Wsconsi n)

Pre-weatherization space-

1022 therns

heating energy consunption

Annual energy savi ngs

Percent of predicted
savi ngs

Expendi tures {energy
conservation
nmeasures only)

Si npl e payback period
Annual energy savi ngs

per dollars
expendi ture

257 therns

78%

$1387 /house

9.3 years

18.5 therms/year/$100

1071 therns

207 therns

83%

$1303/ house

8.5 years

15.9 therms/year/$100

8McCold et al. (1988) and Ternes et al. (1988)
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was installed in nmany houses and was a major contributor to the average
energy savings. Additionally, a new space-heating systemwas installed
in only one house. In the previous study, space-heating system
replacements were perforned in about a third of the houses and attic
insulation was |less inportant because nost attics were already insul ated
In both tests, wall insulation was an ECM installed in many houses that

contributed significantly to the average energy savings.

In both studies, the adjusted energy savings were about 80% of

predicted. In the previous study, overprediction of wall insulation
savings appeared to be a najor contributor to this. In the current
study, however, the wall insulation savings seens to be estinated

correctly. COverprediction of water-heating energy savings contributes to
the deviation in the current study.

Expenditures required to install the ECMs and sinpl e payback peri ods
were conparable in both studies. Because of the higher fuel cost in
Wsconsin ($0.68/therm conpared to $0.579 in this study), the payback
peri ods were about the same despite the increased energy savings achi eved
in this study.

To the extent that the two studies can be conpared, the
ef fectiveness of the selection technique in achieving energy savings for
| ower expenditures has inproved. |In this study, 18.5 therns/year were
saved for every $100 spent on ECMs as conpared to 15.9 therns/year in the
previous study. Although this inprovenment could certainly be due to
differences in housing stock and clinmate, inprovenents nmade to the
selection technique are also likely contributors. The nost significant
i nprovenment was that only EOMs with predicted BCRs greater than 1.0 were
installed in the current study; in the previous study, ECQW that were not
cost effective were installed to maintain a predeterm ned average

expenditure level,

The scatter observed in the predicted versus adjusted energy savings

plot for this study (Fg. 9.6) is nuch less than that observed in simlar
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plots fromother studies, especially those that used just billing data as
the basis for determining adjusted energy savings. A reduction in this
scatter allows the performance of the selection technique and ECMs to be
nore accurately determned and greater insights to be gained; with |arge
scatter, analysis is linited to average observations. The accuracy of
the predictive technique on an individual house is an inportant factor
affecting the nature of this scatter: the better the technique, the less
scatter should be observed. Two other inportant factors are the accuracy
of the neasured savings and the scatter introduced by the analysis

nmet hod. Al though nore study would be required to determine the actua
benefit obtained fromthe analysis method used in this study, it is
likely that using submetered space-heating systemdata to determ ne
space- heating energy savings and normalizing these savings to a constant

indoor tenperature contributed significantly to the reduced scatter.
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10. RECOMMENDATIONS: TECHNIQUE DES| GN AND | MPLEMENTATI ON

10.1 TECHNI QUE DESI GN

The use of net present value (NPV) instead of BCR as the nain
sel ection criterion should be evaluated. BCR allows relative benefits
per dollar expenditure to be determned; this is the correct criterion to
use if maximzing the BCR for the weatherization programis the primary
obj ective. Because the goal of maximzing the BCR for the program nust
be bal anced against running an equitable program NPV nmay be a nore
useful criterion. The use of NPV would sel ect ECMs that are cost
effective (N?V greater than or equal to 0.0) and that provide the
greatest net benefits or nmonetary savings. Using BCR, nmany inexpensive
ECMs that have noderate predicted savings (andthus have high estimated
BCRs) are usually selected. However, the actual savings of these ECMVs
may be quite variable and much smaller than expected. Using NPV, fewer
ECMs woul d likely be sel ected, but the expected savings of these ECMVs
(which can be predicted nore accurately) are usually large. The use of
econom ¢ anal yses in weatherization prograns is further discussed by

Zi mrer ran (1990).

The current nethod of handling interactions between nmechani cal -
system ECMs coul d be inproved by using the NPV of the ECMs as a sel ection
criterion. The cost effectiveness of the EOM is already assured because
it's BCR exceeds 1.0 and the cutoff wvalue. A decision based on NPV
selects the ECMthat will provide the greatest net benefits or nonetary
savings. Under the current system for exanple, a gas power burner is
arbitrarily selected in preference to a vent danper if both have a BCR
greater than the value of the cutoff. This is justified because the
power burner will save nore energy. An alternative is to select the ECM
wi th the highest BCR, however, selecting a vent danper having a BCR of
1.8 at the exclusion of a high-efficiency furnace that has a BCR of 1.7,
for instance, does not seemwise, especially if other ECM with | ower

BCRs will then al so be sel ect ed.
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To the extent possible, all costs that will be charged by a
contractor to install an ECM should be included in the estinated
installation costs. For exanple, the need for an attic access door or
increased attic ventilation before adding attic insulation is identified
in the field, but the cost for this work is not included in the cost
estimates or subsequent econom c calculations. ldentifying these added
costs should not be a major part of the auditing process, however.
Rather than identifying all the necessary material and |abor needed to
perform these supplenental tasks, the auditor could identify the task in
a comments section and enter the cost for this work (estimated based on

experience) in a colum that would be added to the cost of the ECM

For insulation ECMs, especially attic insulation, different |evels
of insulation should be considered sinultaneously by the neasure
sel ection technique. This would allow a nore optinum | evel of insulation
to be added within the econom ¢ guidelines (BCR cutoff) selected for the

program,

The method included in the selection technique to estimate the
bal ance point tenperature of the house from previous billing data should
be improved. A nethod that nore clearly identifies which bal ance point
tenperature is correct (perhaps using regression coefficients rather than
visual interpretation), that does not require changi ng between conputer
screens, and that would allow nost auditors to make the same selection

for a given house is needed.

The nethod of estimating savings and/or costs for foundation
insulation needs to be revised to be consistent wWith recent research
results. This ECM may need to be elimnated from the nmeasure sel ection
technique until further research results becone available that indicate

this is a cost-effective ECM.

A procedure to select the proper size for a new space-heating system
woul d be a useful feature. The data collected under this techni que may

not be sufficient, though, to performsuch a calculation. Depending on
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the nunber of houses receiving new systens, sizing may be nore easily
handl ed on an individual basis.

Input values to the measure selection technique should be linmted to
those falling within a pre-selected, reasonable range. Such checking
would help elimnate input mstakes such as those that occurred in this

study for foundation insulation.

The selection technique should include an easy to use followup
report to be filed as a permanent record. The ECMs actually installed in
each house and their costs should be identified in the report and
conpared to the recomrendati ons and predictions. The air-|eakage rates
and reductions achieved fromthe infiltration work shoul d be docurnent ed.
A comments section should also be included to explain unusual occurrences
or discrepancies. The work order portion of the tested technique
includes a followup report section neeting nost of these requirements,

but it was not easily used.

The desire for increased accuracy in neasure sel ection technique
predi ctions should be tenpered by the additional input information likely
required and the ease with which the selection technique can be
i npl emented. In this technique, reasonable accuracy was obtai ned using
relatively sinple estimation techniques and a | evel of information that
could be collected and programred in 4 hours/house. Al though inmproved
accuracy mght be obtained through the use of nore sophisticated
estimation fechniques and nore detailed descriptive information (building
characteristics, system operations, and occupant influences), the
resulting benefits may not outweigh the increased effort required to

i mpl ement the technique.
16.2 | MPLEMENTATI ON

The neasure sel ection technique was designed to consider all ECMs at
one time and, by conparing one to another, to select the nost appropriate

ECMs for each house. Based on the field test experiences, such an idea
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approach has practical limitations. Instead of including all ECMs within
the selection technique, the following types of ECMs nay be better

handl ed fol | owi ng separate procedures that are performed in parallel to
the selection technique: infiltration reduction, |ow cost/no-cost ECMs,
and occupant education ECMs. Recommendations regarding these three
procedures are provided in Sects. 10.2.1-3; other recomendations
regarding inplenmentation of the tested technique are presented in Sect.
10. 2. 4.

10.2.1 Infiltrati on Reducti on

By follow ng the economc based infiltration reduction procedure
used in this field test, infiltration reduction work is, in effect,
perfornmed independently from the sel ection technique because the
infiltration procedure is applied to every house w thout the need for a
neasure sel ection technique recommendati on and the amount and type of
work to be performed is determned during the procedure rather than
bef orehand by the selection technique. A third reason for perform ng
infiltration work separately is the inaccuracy associated with estimating
energy savings for infiltration reduction work relative to other ECMs.
Accurate estinmates of the energy savings for infiltration reduction work
cannot be nmade in the selection technique unless the actual reductian
achieved is first known. Estimating the reduction that m ght be achi eved
knowi ng just the current air-leakage rate is like trying to estimate the
savings of ceiling insulation if the current insulation |level is known
but the amount to be added is not. Such an approach also requires
additional work by the auditor to nmake an air-leakage neasurement.
Estimating the reduction using an estimate of the present air-|eakage
rate only leads to further inaccuracies. |If the BCR selected for the
infiltration work is greater than the cutoff value for the selection
net hod, the selection of other ECMs becones dependent on the savings of
the infiltration work because of the interaction of energy savings anong
ECMs. If the savings for infiltration work are inaccurate or relatively

uncertain, then other ECMs can be incorrectly elimnated and/or sel ected.
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In theory, excluding infiltration work fromthe selection techni que
may al so affect the selection of other ECMs; in practice, though, this
should not be the case. The cost-effective guideline for the
infiltration reduction work should be determined using a BCRwith the
same value as the BCR cutoff used in the neasure sel ection technique
rather than using a higher value. Consequently, if included in the
selection technique, infiltration reduction work shoul d always be the
| ast ECM sel ected for each house and, thus, would not interact with any
ot her ECM.

There may be a desire to nake sone estimates regarding the
infiltration reduction work in parallel with the measure selection
technique to help in the scheduling and tracking of work. This can stil
be performed as long as it is done outside the nainstreamof the
sel ection technique. If such an approach is followed, the equation used
inthis field test to estinmate the reduction needs to be nodified to
consider the BCR selected for the work. Additionally, mininmmair-
| eakage rates and maxi mum expenditure levels used in the infiltration

procedure shoul d be consi dered.

Because the reduction obtained fromthe installation of insulation
is on the same order as that obtained fromthe infiltration work, it nay
be best to performinfiltration work (still using the cost-effective
guideline stipulated by the procedure) at the sane tine Insulation is
installed or after all other ECMs are installed, rather than before as
done in this field test. Addition of insulation nay seal |eakage sites,
reducing the need for specific infiltration work. Furthernore, control
over the final air-leakage rate of the house can only be obtained by
performng specific infiltration work last. Two approaches follow ng
these recommendations are outlined by Ternes and Hnang (1989). Use of
the auditor to make the initial infiltration measurement as a screening
procedure is an individual, progranmatic decision. Wth this approach,
houses that do not need infiltration work are identified early, saving

the tine of infiltration reduction crews; however, the auditor's tine at
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the house is increased slightly. A correct decision may depend on the
percentage of houses that typically do not require any work

The need for thorough training on the infiltration reduction
procedure is critical if crews are expected to quickly adapt this new
t echnol ogy. The training provided under this field test was sufficient
to know how to use a bl ower door, nake infiltration measurements, and
follow the procedure, and was a good introduction to finding and sealing
leaks. This training needs to be reinforced by discussing in greater
detail sealing nethods and materials, having the trainer spend severa
addi ti onal days with individual crews in the field locating and sealing
leaks in real houses, and having a followup training session several
nonths later to review procedures, refine techniques, and resolve
questions or problenms. A nore conplete training programrecomended for
future studies is outlined by Ternes and Hvang (1989). During the
training, application of the guideline to the last increnment of work
rather than the total work performed nust be enphasized. Additionally,
setup cost should not be included in evaluating the effectiveness of the
| atest work. Setup cost should be considered an upfront cost, simlar to

the cost of collecting the audit information.
10.2.2 Low-Cost Energy Conservation Measures

The followi ng low-cost ECMs considered in the selection technique
may be nore easily and econonmically perforned under a separate procedure:
wat er heater insulating blankets, water heater pipe insulation, water-
heating system thermostat setpoint reduction, energy efficient
showerheads, and energy efficient faucets. Basically, the costs and
savings of these ECMs do not warrant an extended analysis to decide if
they should be installed. Energy savings for these ECMs are difficult to
estimate because nost depend on factors (such as the anmount of hot water
consunption) that cannot be measured for input into the technique.
Additionally, in the tinme required to collect and input information

regardi ng these ECMs, many of them could be perforned. Because these
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ECMs do not interact with other ECV considered in the selection

technique, their renoval would not present a problem

Sinple criteria can be used in the field to decide if these EQW
shoul d be install ed. For example, showerheads with flows greater than 5
gpm woul d be replaced and all water heaters with less than 1 in. of
insulation would receive an additional blanket. An auditor could quickly
nmake these decisions and either do themat the tine of the initial audit
or refer themto an insulation crew. As discussed in the next section,
reducing the hot water tenperature should include the participation of
the occupant and, thus, involves nore than a sinple setpoint adjustnent;

for this reason, this ECM could be considered an occupant educati on ECM.

10.2.3 Qcupant Education Energy Conservation Measures

Loweri ng space-heating system thernostat setpoints (either manual |y
or with clock thernostats) nay be best perforned under an occupant

education program The reasons for this are twofold:

1. energy savings predictions are very uncertain because the
occupants current practice is difficult to quantify and the
extent to which occupants would maintain reduced tenperatures
are not known, and

2. costs used in a selection technique usually do not reflect the
effort needed to really inplenent these ECMs.

A thoroughly devel oped client education program inplenmented by well
trai ned educators, is needed to convey the inportance of |owering indoor
tenperatures and nethods of doing so in order to achieve and sustain
savings fromthese types of ECMs. Wthout a separate program the |evel
of instruction necessary to change behavi or woul d probably not be

provided.

Many of these comments also pertain to reducing the hot water
tenperature. In the field test, there was sonme evi dence that occupants

i ncreased the hot water tenperatures after the auditors had set them
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lower. Even if this ECM is performed as a | ow cost ECM, the auditor
shoul d spend some time with the occupant to discuss the inportance of the
reduction and to identify an agreeable value. 1If the current tenperature
is very high, reducing the tenperature in steps (bythe auditor and again
be a crew nenmber) may be an approach to allow the occupant to adjust to

| ower settings.

10.2.4 Qher Inplementati on Recommendat i ons

The length of the training courses provided to field personnel on
the sel ection technique need to be supplenmented to provide a nore
conpl ete understanding (additional time than that provided or to be
di scussed may be required if nore inexperienced personnel were being
trained). Several additional days are needed in the field training
auditors on how to collect the information (especiallythat peculiar to
this technique), to conplete audit forms, and to make decisions regarding
enmergency repairs. The auditors should be trained to collect field
information as if they were contractors to increase the accuracy of the
installation cost predictions. Under this approach, neasurenents woul d
be made as contractors would perform them (neasuring insulation areas,
for exanple) and all tasks required to install an ECMwoul d be identified
(the need for an attic access door, for example). Additional tinme should
also be spent to performall tasks required for the selection technique
on several real houses fromstart to finish. A floor plan type of
drawi ng used by NF personnel in the field test should be considered in
all future applications of the technique to help collect and organi ze

information, especially if several contractors are used to install ECMs.

Space- heati ng system tune-ups should be perfornmed for efficiency
reasons only on units that can benefit from this work, based on
efficiency neasurenments or other system characteristics, to inprove the
overal|l BCR of the weatherization program The approach of tuning-up al
units as a standard practice or for liability reasons is costly, probably
unnecessary, and likely does not produce energy savings in nmany units. A
tune-up should be perfornmed following a well documented procedure and
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after receiving adequate training to ensure an efficiency improvement

results.

A safety inspection should not be confused with a tune-up, which
should be perforned in all houses to ensure a safe space-heating system
after weatherization. A tune-up performed by an auditor during a safety
i nspection may be a conpromse to the above recommendati on regarding
tune-ups as a standard practice. Use of a contractor for such a purpose

can be expensive because of the cost involved with the site visit.

In an actual program the consistency of the housing stock and ot her
factors (such as fuel costs and installation costs of ECMs) nay be used
advantageously to sinplify the selection process, so that the sel ection
technique may not need to be applied in every house. Based on these
field test results, a decision tree selection procedure (ora simpler,
one page calculation forn) could likely be devel oped for a program
weat heri zing the sane types of houses and operating under the sane
conditions encountered in the field test (fuel costs, costs to install
ECMs, etc.) because of the patterns observed in the weatherization work
performed. In a programinitially using the selection technique, the
techni que woul d be applied to every honme. After a sufficient nunber of
hones had been weat herized, patterns in the decisions made by the
technique would be identified to determine if a sinpler approach could be
followed. [If so, this sinpler approach would be used and snall sanples
of homes woul d be checked yearly using the selection technique to ensure
that the sinpler approach remains valid. It is likely that different
patterns would emerge for different clinate regions, fuel types, and
possibly by installation agency (if installation costs are different

anong agencies).
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11. SUMMARY: CONCLUSIONS AND RECOMMENDATIONS

The results of this field test lead to concl usions and
recommendations about the design and inpl enentation of the inproved
energy conservation neasure sel ection technique, the EOM selected, the
savi ngs achi eved and accuracy of predictions, cost effectiveness, and the

field test itself.

e of a measure selection technique to select unique ECMs for individual

houses resulted in a significant cost-effective |level of energy savings.

A cost-effective |evel of energy savings was achi eved, on average,
in the audit houses by ECMs install ed under the gui dance of the sel ection
technique. The overall BCR for the EOW was 1.24 assum ng j ust
installation costs, current residential fuel costs, and using a di scount
rate of 0.05.

Signi fi cant savings were achi eved, on average, in the audit houses.
The average adjusted savings was 257 therns/year: 252 therns/year from
space- heati ng energy savings and 5 therns/year fromwater-heating energy
savings. Adjusted space-heating energy savings was 25% of the average
pre-weat heri zati on space-heati ng energy consunpti on (1022 therms/year),
adj ust ed wat er- heati ng energy savings was 2% of the average pre-
weat heri zati on wat er- heati ng energy consunption (272 therms/year), and
the total adjusted energy savings was 17% of the average pre-
weat heri zati on house gas consunption. These savings include an

adj ustnment using normal i zed control group savings.

The measure sSel ection technique predicted space-heating energy savings
and total installation costs with reasonabl e aceuracy, indicating that
its recommendations are justified (EOM were correctly recomended in

i ndi vi dual houses and concentration of EFOM in sel ected houses was

justified).
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The average adjusted space-heating energy savings achieved in the
audit houses was predicted relatively accurately by the selection
technique (within 85%). Athough not statistically accurate for
i ndi vidual houses, the selection technique's prediction of space-heating
energy savings is reasonably accurate for npst houses. Differences
bet ween predi cted and adjusted savings are statistically different in all
but six of 38 houses. However, a graphical conparison shows that houses
are generally grouped around a line representing equality between
predi cted and adjusted savings. Changing the bal ance point tenperature
used to predict space-heating energy savings of envel ope ECMs from 60°F
to 57°F elinm nates the difference between average predi cted and nmeasured
savings. Inaccuracies in predicting attic insulation savings may al so be
a source of the observed differences, but a definitiwve conclusion is hard

to reach.

The sel ection technique was not very accurate in predicting water-
heating energy savings. However, the study was not designed to
specifically neasure small water-heating energy savings. Additionally,
anti ci pat ed wat er - heati ng energy savings were nmuch | ess than anti ci pated

space-heating energy savings.

The average cost for performng the ECMs in the houses was esti mated
quite reliably by the selection technique (within 2%). Conparisons for
i ndi vidual houses varied nore widely than this average, though.

ECMs coul d not always be installed in houses as recomended. This
did not have a serious inpact on installation costs or other ECMs
sel ected because the ECMs not installed were usually inexpensive and
smal | energy savers. Auditing errors and the manner in which
infiltration reduction is included in the selection technique contributed

to this problem These problenms can be easily corrected.

Concl usi ons regarding the benefit of standard, contractor tune-ups

and the accuracy of energy savings predictive techniques for this ECMare
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difficult to nake because of the frequent occurrence of negative changes

in neasured efficiencies.

e need for future research identified during the field test is to
devel op an accurate nethod of estinmating the energy savings of space-
heati ng system repl acenents and/or determ ni ng whet her these savi ngs
shoul d be based on steady-state efficiency, seasonal efficiency, or an
internediate value. This need arises because of the infrequent selection
of replacenments in this study. The accuracy of the savings estinates
could not be evaluated in this study because only one new system was
i nstall ed. Previous tests of the neasure sel ection technique, however,
indicated that a simple met hod using steady-state efficiency was, on

average, accurate.

The effectiveness of the selection technique inproved fromearlier

versions and can continue to be inproved.

The effectiveness of the selection technique in achieving energy
savings for |ower expenditures has inproved. Under this field test, 18,5
therns/year were saved for every $100 spent on ECMs as conpared to 15.9
therns/year measured in a previous study. Although this inprovenent
could certainly be due to differences between the experinents in housing
characteristics and climate, improvements nmade to the technique are al so
likely contributors (especially Iimting recormmended ECMs to those with
predicted BCRs greater than 1.0).

Through use of the infiltration reduction procedure, significant
cost reductions for infiltration reduction work were achieved. Wrk was
not performed in 19% of the houses because their air-leakage rates were
already sufficiently low By requiring infiltration reduction work to be
performed at a BCOR of 2.0, expenditures were linited to an average of
$73/house (excluding a $70/house set up cost), Better trained and nore
experienced crews may spend nore than this to achieve greater reductions.
QG eater expenditu'res and reductions would also result if the BCR for the

work was | owered.
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If envel ope and wat er-heating system ECM only were to be installed
in homes simlar to those tested, a sinpler selection technique could be
devi sed based on the field test results that could produce near
equi val ent results., This occurs because the consistency of the housing
stock allows patterns to develop regarding correct installations. |If
space- heating system EOM are also to be considered, a sinpler technique
may not be able to be devel oped; proper decisions regarding the
repl acenment of the space-heating system can be nmade only after the energy

savings of the ECM are interacted with the savings of other ECMs.

Al though the selection technique achieved cost-effective energy
savi ngs, the technique could be inproved to increase accuracy and ease of
use. Training on the selection technique should be increased beyond four
days to provide a nore conpl ete understanding, especially regarding
collection and interpretation of data in the field. Interactions between
nmechani cal system ECMs coul d be inproved by using NPV of the ECMs as a
selection criterion. Al costs that will be charged by a contractor to
install an ECOM (such as attic accesses or vents) should be included in
the estimated installation costs used in the econonic analysis. The
nmet hod used to estimate the bal ance point tenperature of the house from
previous billing data should be inproved or elimnated (a constant 60°F
bal ance point was used successfully in this study). A procedure to
select the proper size for a new space-heating system nay need to be
included in the technique, ECMs requiring occupant use and control such
as thernostat setbacks of the space-heating or water-heating systens
should be included in a client education package performed in parallel

with the selection technique rather than including themin the technique.

| mproved methods of inplenenting the selection technique should alssc
lead to increased savings and cost effectiveness. Infiltration reduction
work should be performed in parallel with the selection technique
(followingthe infiltration reduction procedure used in this study) as
well as low cost ECMs (such as npbst water-heating system EOM).  Space-
heating system tune-ups should be perforned for efficiency reasons only

on units that can benefit fromthis work rather than on all wunits.
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Use of the nmeasure selection technique resulted in the installation of a
wi der varietvy of ECMs than typically installed under nbst weatherization
progranms and produced | arge variations in energy savings and expendi t ures

anong houses.,

A wider variety of EOM than typically installed under nost
weatherization progranms were selected by the techni que, although only 11
of 21 EOMs considered by the selection technique were installed. Three
wat er - heating system EOM (pipe insulation, insulating blanket, and
tenperature reduction), infiltration reduction, and attic, wall, and sill
box insulation were frequently performed. Space-heating system tune-ups
were routinely performed to ensure that the systems were operating saf el y-
and to avoid liability issues, although energy savings were still
expected. Floor insulation, foundation insulation, and space-heating
system replacement were ECMs infrequently perforned. ECMs that were
never performed included stormwindows, intermttent ignition devices,
and vent dampers. |If a clock thermostat with a 5°F setback had been an
option considered by the selection technique, it woul d have been sel ect ed

in only one house.

The space- and water-heating savings of the individual houses was
quite variable. On average, the space-heating energy savings was | argest
in houses with higher pre-weatherization space-heati ng energy consunption
and that received greater expenditures for ECMs. Adjusted space-heating
energy savings ranged from -136 to 1120 therns/year and adjusted wat er -
heati ng energy savings ranged from -98 to 172 therns/year. The
variability of the individual house energy savings and the relation
bet ween savings and expenditures can be largely attributed to the
sel ection technique, which was designed to concentrate ECMs in houses

that woul d nost benefit from them

The anount of noney spent on each house averaged $1453 for 36 houses
(%1387 for 32 houses with energy savings that could be anal yzed) but
varied over a large range: less than $500/house was spent in five houses

and nore than $2000/house was spent in 11 houses. Expenditures were
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predom nately for wall and attic insulation: an average of $750 and
$400, respectively, was spent in each house for these measures, while

less than $75 was spent ({on average) on each of the renaining measures.

Aver age indoor tenperature changes foll ow ng weat heri zation were snal | ..

Indicating that a significant take-back effect had not occurred..

Goncl usi ons drawn from previ ous ORNL experiments, that indoor
temperature and its change does not contribute significantly to | ower
than expected savings observed in weatherization prograns but that they
do contribute to the variation in neasured savings observed in individual
houses, were confirmed. The average tenperature nmaintained in the audit
houses was about that expected (68-70°F), and the average change in
i ndoor tenperature for the audit houses was near zero (+0.5°F) and about
equal to that observed, On average, in the control houses (-0,1°F) .

I ndoor tenperatures maintained in individual houses and changes in

temperature follow ng weatherization are unique for each house, however.
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APPENDI X A DATA PARAMETER AND H HD TEST | MPLEMENTATI ON DETAI LS

A 1 DATA PARAMETERS AND MON TCR NG | NSTRUMENTATI ON

The data collected in this field test can be divided into two
classifications: time-independent information and time-dependent
measurements. The time-independent infornation represents data collected
before, during, or after the experinment through di scussions with the
honeowners, visual observations, and sone |imted measurements. Ti nme-
dependent rmeasurements were nonitored continuously with instrunentation

t hroughout the experinmental peri od.

A.1.1 Time-Independent |nfornation

The following information were coll ect ed:

1. house and occupant descriptive information,

2. house air-leakage measurements,

3. space- heati ng system steady-state efficiencies, and

4, listing and quality verification of the ECMs perforned.

The descriptive information docunented the physical characteristics
of the house and space-heating equipment as well as the behavi oral
characteristics of the occupants. Table 3.1 lists the specific
informati on collected. These data were collected in February and March
1988.

The house air-| eakage neasurenents served as descriptive variabl es
characterizing the house air-leakage rate before and after the ECOM were
performed. These measurements were in addition to any measurenents nade
under the infiltration reduction procedure used with the measure
sel ection technique. The fan pressurization technique using a bl ower
door was used because repeatable results can be obtained at standard
conditions. The flowat 0.04 in. Hp0 (10 Pa) to 0.24 in. Hp0 (60 Pa) in
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increnents of 0.04 in. Ho0 (10 Pa) were neasured with the bl ower door
pressuring and depressurizing the house. Measurenents were nmade in both
the audit and control houses in July and August 1988, before ECMs were
installed in the audit houses, and again in Cctober and Novenber 1988

after the ECMe were installed in the audit houses.

The steady-state efficiencies of the gas-fired space-heating systems
were neasured by perfornming a flue gas analysis. These neasurenents were
made in June and July 1988 before ECMs were installed and were repeated
i n houses receiving nechani cal -system ECMs in Cctober and Novenber 1988

after the ECV6 were install ed.

The ECMs actually installed in the houses and their costs were
docunented when the installations were conpleted. The quality of the
installations were checked through visual inspections and measurenents to
ensure that the ECMs had been installed as specified. |If an ECM was not
installed correctly or conpletely, additional work was perfornmed until

the installation was satisfactory.
A.1.2 Time-Dependent Measurenents

Five data paraneters were nonitored in each of the houses: house
gas consunption, house electricity consunption, space-heating system gas
consunption, water-heating system gas consunption, and house i ndoor
temperature. |n addition, outdoor tenperature was measured at three
sites. Meters used to nonitor the four energy consunptions were read
weekly. Hourly indoor and outdoor tenperature data were stored

internally in the nonitoring instrumentation and collected once a nonth.

A recently calibrated billing meter was installed in each house to
neasure the house gas consunption to within an accuracy of 3%. Because
the gas consunptions were nmeasured in units of ft3 of gas, information on
the heat content of the gas was collected to convert the house
consunpti ons {and ot her subnetered consunptions to be discussed bel ow)

into units of energy.
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The existing electric billing neter installed in each house was used
to monitor the house electricity consunption. Although these neters were

not recalibrated, their accuracy should still have been about 3%

Because the gas consunption rate of the space-heating equipment
encountered in the field test was assuned to be steady whenever the unit
was operating, the space-heating systemgas consunpti on was nonitored by
neasuring its operating tine using elapsed-time (run-time) neters. The
meter was installed in the thernostat control circuit, in parallel with
the sol enoid valve controlling the gas supply valve, so that power was
supplied to the neter whenever power was supplied to the valve. A 24
volt DC neter was usually installed because the thernostat operated on a
24 DC circuit. In order to convert the operating tine to a gas
consunption, the consunption rate of the equi pnment was measured using the
house gas billing meter. These neasurenents were nade in February 1988
and were repeated in Decenber 1988. Measurenent of the gas consunption

rates is discussed further in Appendix A.3.

The wat er-heati ng system gas consunption was neasured in each house
usi ng elapsed-time neters in a nmanner sinilar to that for the space-
heating system |In this case, however, the neter was not installed
directly into the water-heating systemis control circuit because it was
different. Instead, the neter was wired in series with a gas pressure
switch, with voltage supplied fromany continuously avail abl e source
(usually the space-heating systemls 24 volt transformer). The pressure
switch was installed to sense the gas pressure in the gas |ine downstream
of the control valve leading to the burner and configured to close when
the pressure rose slightly above atnospheric pressure. Wth this
configuration, power was supplied to the nmeter whenever gas was supplied
to the hot water tank. |In nany water-heating systens, a pressure tap was
provi ded on the control box to connect the pressure switch. In order to
convert the operating time to a gas consunption, the consunption rate of
the equi pnent was neasured using the house gas billing neter (see further
di scussion in Appendix A.3). These neasurerments were made in February
1988 and were repeated in Decenber 1988.
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The indoor tenperature of each test house was nonitored using a
si ngl e-channel recording device that included a tenperature sensor and
m croprocessor based electronics to calculate and store the average
hourly temperature., On average, the tenperatures neasured by these
devices were found to be about 0.75°F lower than actual; the tenperatures
nmeasured by individual devices were generally within 0.75°F the average.
The devices were located in the nain living area of the house and pl aced
to mnimze their exposure to radiant energy heat sources. The sane

device was used in each house for both winters.

Hourly outdoor tenperature was nonitored at three NF field offices
using battery powered data |oggers, Type T ({copper-constantan)
thermocouples, and radiation shields. The sites were distributed anpng
the test houses so that the outdoor tenperature at each was represented
by the data collected fromat least one site. The instrunentation

measured the outdoor tenperature accurately to within 1°F.

A.2 FIELD EXPER ENCES

The armount of effort and time required to select houses for this
type of field test can be easily underestimated. A list of 500 to 600
honeowners who were LIHEAP recipients in 1987 and whose houses were
located in a targeted area of Buffalo were identified using NF records.
Fol l owing a tel ephone screening procedure (Ternes and Hu 1988), 175 of
these met the selection criteria and indicated an interest in
participating in the field test. The nunber of eligible homeowners
dropped from 500 to 175 for several reasons. Primarily, many of the 500
to 600 honmeowners were not interested in participating in the field test
and, thus, were renoved from further consideration. O her reasons for
removi ng homeowners from consideration (inorder of inportance) were that
they lived in duplex houses, they rented their homes, and their hones had
been weat heri zed under another programwi thin the last 5 years. Site
visits were then made to verify conpliance with the selection criteria,
to further describe the field test to the honmeowner, and to have the

homeowner sign a participation contract [see Ternes and Hu (1988) for a
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description of this procedure]. ne hundred fifty five houses had to be
visited before the 100 field test houses were identified. The need to
sign a participation contract caused many honeowners to decide not to
participate in the program iy a few houses were rejected because
their previous gas consunption was not weather dependent or because

incorrect information was obtained from the tel ephone questionnaire.

Attrition of houses was considered in the field test design. C 100
houses initially included in the field test, 89 houses remained to the
end of the field test. The reasons for the loss of 11 houses vari ed:
the hormeowners of four houses decided to discontinue their participation
for personal or medical reasons, three houses were weatherized under a
different program, two houses were sold to new owners, insufficient pre-
weat heri zation indoor tenperature data were collected in one house, and
one honeowner becane disgruntled when only a few ECMs were installed in
the house. The selection criteria and the careful selection of houses by

NF likely contributed to this good performance.

Gas or electric billing nmeters (or both) were located inside npst
homes, causing some problens in collecting the weekly data (all el apsed-
tinme nmeters were installed such that they could be read fromthe
outside). WHth inside meters, data collection personnel had to establish
a regul ar schedule with each honeowner in order that they could enter the
house to collect the data each week, which was contrary to what the
honmeowners had initially been told. Oiginally, renote readout devices
were to be installed on all inside gas neters; however, gas telenetering
equi prent was installed on nost of these neters as part of another
program, naking it inpossible to install the renote devices.

Installation of the tel enetering equi pnent al so inconveni enced nany
honeowners because of the time and nunber of separate crews required to
install the equipment. There were advantages to entering the hone each
week, though: a personal contact was nade with the honeowner each week
and the data collection personnel had an opportunity to observe any

unusual events (such as seeing that the house was being weatherized).
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The instrunents used to measure the indoor tenperature worked well.
Sone honeowners accepted their installation reluctantly because they
objected to their color and unattractive design. Consequently, the
instrunents may not have been |ocated in these houses in the nost
desirabl e place. Despite repeated explanations and assurances to the
contrary, one homeowner felt that the indoor tenperature device was a

listening device; consequently, the honeowner kept the device in a car.

Several difficulties were encountered in measuring appliance gas
consunption using elapsed-time meters. The use of gas neters would
likely overcone many of these problens and provide nore accurate
information. However, this option is unattractive because of cost
considerations (equipment, installation, and removal) and the need to
enter the house to read the neters {(unlessrenote readouts are installed
which further increases costs).

The gas pressure switch used in nmetering the water-heating system
failed in several houses. Additicnally, the measured el apsed-tinme may be
greater than actual because, in sonme cases, a few seconds are required
for gas to bleed out of the switch each tinme the water-heating system
turns off. A gas pressure sail switch (as used in nmany electrically-
activated vent danpers) may be a better device. The cost of the sail
switch is about the sane as the pressure switch, but the installation
cost would be greater because the sail switch has to be installed in the
gas line. Another option is to use a fiber optic device that closes a

switch when the main burner is on,

As will be discussed in Appendix B, subtracting the weekly gas
consunptions of the space- and water-heating systems from the house total
produced negative results in sone houses. Small negative differences
(especially in houses without other gas appliances) indicates the
i naccuracy associated with nmeasuring appliance gas consunption using
el apsed time meters, However, large negative differences indicate a nore
serious problem The problemw th the pressure switch identified above

i n measuring wat er-heating system gas consunption contributed to these
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inaccuracies. However, in many cases, the space-heating system
consunptions rather than the water-heati ng consunptions were in error
The neasured el apsed tines were believed to be accurate. Thus, these
negative differences nay be due to several other factors, including

i naccurate gas consunption rates, unsteady gas consunption rates, or
inaccurate billing nmeters. The gas consunption rates of the equi pnent
(neasured using the house billing neter) may not be constant because of
variations in the pressure of the gas supply line, faulty pressure
regul ators, and operation of other gas appliances at the sane tinme the
space- heati ng systemruns (neasurenent of the gas consunption rates is
further discussed in Appendix A.3). |Inaccuracies with the billing neters
(although pressure and tenperature conpensated and recently cali brated)
may cause the measured gas consunption rates to be wong or the house

weekly gas consunptions to be incorrect.

NF personnel identified several inprovements that could be nade to
the entrance interview formused to collect the house and occupant
descriptive information: the form should be condensed to fewer pages,
the infiltration checklist should be deleted, and several redundancies

shoul d be el i m nat ed.

A. 3 APPLI ANCE GAS GONSUWPTI ON RATES

Gas consunption rates of the space- and water-heating systens
(required to convert equi pnent operating times into actual gas
consunption) were neasured during the pre- and post-weatherization
peri ods (February 1988 and Decenber 1988, respectively). To neasure
these rates, all gas appliances in the house were first turned off (while
their pilots renained lit). The rate for the space- or water-heating
systemwas measured by turning on one systemonly and measuring the tine
required for the lowest dial on the house billing meter (either 1/2, 1,
or 2 cubic feet) to conplete a pre-selected nunber of revol utions
(usually five or ten so that the el apsed tine was approximately five
minutes). During this procedure, care was taken to ensure that the

systemran constantly (did not short cycle) and that the other appliances
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remai ned off. In addition to nmeasuring the rates for the tw systens
separately, a conmbined rate (both systens operating at the same time) was

al so measur ed.

The gas consunption rates neasured foll owing the above procedure
include the pilot light consunptions of all the appliances in the house.
Al though the pilot light consunption of the space- or water-heating
syst em bei ng neasured should be included in the neasured rate (heat given
off by these pilots while the systemis running supplies heat to the
house), the consunptions of the remaining pilots should not. Therefore,
the neasured rates of the space- and water-heating systens were nmodified
by knowi ng what other gas appliances were installed in each house,
knowi ng whet her the space-heating systemused a pilot light, and assum ng
the followi ng average gas consunption rates for different appliance pil ot
lights: water-heating system, 19 ft3/day; dryer, 6 ftq/day; range, 12
ft3/day; and space-heating system 27 ft?“/day (if apilot is present),

Conparing the sumof the space- and water-heating systemrates to
the conbined rate in each house further justified the need for the
nodi fication described above and confirns the accuracy of the procedure.
Wthout the modification, the sum of the rates should be greater than the
conbined rate in an individual house because the pilot |ight consunptions
are being accounted for twice. Before adjusting for pilot light use, the
sum of the rates was, on average, about 2% greater than the conbined rate
(statistically significant at a confidence |level greater than 0.01);
afterwards, the average value of the sumof the rates was equal to the
average conbined rate. In both instances, statistical tests confirmed
that conparisons for individual houses were normally distributed about
the average values (2% and 0%, respectively) indicating random

differences around the averages.

Conparison of the consunption rates neasured in each house before
and after weatherization indicated that changes between +/-5% were conmmobn
(and larger in isolated circunstances) although changes shoul d not have

generally occurred. ldeally, the rates for the space-heating systems in
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the control houses and the water-heating systens in all the houses should
be the same before and after weatherizati on because no work was performed
on these systens. A though the space-heating systens in the audit houses
were tuned, the specific work performed should not have changed the

consunption rate.

Changes in the consunption rates of the space-heating systens
measured for the individual control houses were nornally distributed
about an average val ue of zero. Because the individual rates should not
have changed, this indicates that the changes were likely just random
affects (possibly due to measurenment errors) and that real changes did
not occur. The sane average val ue and distribution was observed for the
audit houses, indicating that the tune-ups were not the cause of any

observed changes and that real changes al so did not occur

(On average, the consunption rates of the water-heating systens
increased slightly (1% for the control houses (statistically significant
at a 0.1 confidence level but not at 0.05) but did not change for the
audit houses. |In both cases, the individual changes were nornally
di stributed about these values. No explanation is offered for the
possi bl e increase observed in the control houses. Because no work was
performed on the water-heating systens and the observed change in the
control houses was snall and marginally significant, we conclude that a

real change did not I|ikely occur.

A single rate for the space-heating system and a single rate for the
wat er - heati ng systemin each house was used in converting pre- and post-
weat her ization operating tines of the equi pnent into gas consunptions
(unless a specific reason indicated that different rates should be used,
such as if a new space-heating systemwas installed). A single rate is
justified because real changes likely did not occur. By using a single
rate, changes in space-heating energy consunption before and after
weat heri zati on could not be attributed to random changes in the
consunption rates. |In a majority of the houses, the single rate was

cal cul ated by averagi ng the pre- and post-weatherizati on measurements,
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For the 20 houses listed in Table A.1, either the pre- and/or post-
weatherization rate was used because a post-calibration rate was not
neasured (three houses), the space- or water-heating equi pment was
replaced as part of the weatherization work (two houses), or the gas
consunption of the space- or water-heating systens resulting fromthe use
of the average val ue was greater than the consunption indicated by the

house gas meter (a data inconsistency).

For future experiments, the nethods of nmeasuring the gas consunption
rates outlined in the experinental plan (Ternes and Hu 1988) should be
followed to directly account for pilot light uses. Under this method,
all appliances and their pilots are turned off except for the one
appliance studied. The tine required to relight pilots (in sone cases
several times) and problens that may occur in trying to relight themare
di sadvantages of this nethod; however, the higher quality data obtai ned
justifies the added difficulty. Consunption rates should be nmeasured
before and after weatherization and, preferably, nore than once per
period. Rates measured under this experinent and a simlar experinent
performed in Wsconsin indicate that the consunption rates fluctuate
randomly with time. A nore accurate estimate of the average rate over

the experinment can be nade with nore measurements.
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Table A.1. Houses not using average consunption rates

l6.

28.
29.

31

86.

89.

91.

92

103,

120.

140.
146.
148.
150.

155.

156.
167.

Used post-rates of the space- and water-heating systens for both
periods.

Wsed pre- and post-rates of the space-heating systemfor the pre-
and post-weatherization periods, respectively. Used post-rate of
the water-heating system for both periods.

Used pre- and post-rates of the water-heating systemfor the pre-
and post-weat heri zati on periocds, respectively.

Used post-rate of the water-heating system for both periods.
Used pre-rates of the space- and water-heating systens for both
periods.

Used pre-rate of the space-heating system for both periods.

Used post-rates of the space- and water-heating systens for both
periods,

Used pre-rates of the space- and water-heating systens for both
periods.

Used post-rate of the space-heating systemand pre-rate of the
wat er - heati ng system for both peri ods.

Used pre-rates of the space- and water-heating systens for both
periods.

Used pre-rate of the space-heating systemfor both peri ods.

Used pre-rate of the space-heating systemand post-rate of the
wat er - heati ng systemfor both peri ods.

Used post-rates of the space-heating and wat er- heati ng systens for
both periods,

Used post-rate of the water-heating systemfor both peri ods.

Used post-rate of the water-heating systemfor both periods.

Used pre-rate of the space-heating system for both periods.

Used pre-rates of the space- and water-heating systems for both
periods.

Used pre- and post-rates of the space-heating systemfor the pre-
and post -weat heri zation peri ods, respectively.

Used pre-rate of the water-heating systens for both peri ods.

Used pre-rate of the space-heating systemfor both periods.







165

APPENDI X B. DATA COLLECTI ON AND MANAGEMENT

Two classifications of data were collected in this field experiment:
time-i ndependent information and time-dependent measurements. After
these data were collected in the field, they were sent to ORNL in various
formats and on various nedia for analyses. A data nanagenment system was
devel oped to prepare these data for analysis. The systemwas designed to
transfer the field data onto m croconputer databases, check the validity
of the data, convert the data into files that can be managed and
mani pul ated by the Statistical Analysis Software (SAS), and nerge
indi vidual files into one naster file for data and statistical analyses.

Al'l data nanagenent and anal yses were performed in a microconputer
environment. A nenu-driven systemwas devel oped to facilitate and
mnimze the data processing effort. The main menu system was invoked by
a D05 command and allowed the user to enter either the SAS or the dBASE
Il Plus software environment, depending on the task and the function to

be performed. Previous know edge of either software was not required.

The field data can be divided into four categories based on the
frequency and tinme at which the data were collected: weekly household
energy consunption, hourly indoor and outdoor temperatures, house and
occupant descriptive information, and audit related information. Dat a
nmanagenent and val i dation procedures, devel oped for the individual
categories, will be discussed in detail, along with how individual files
were nerged into one master file. Additionally, field experiences and

data quality will also be discussed.

B.1 WEEKLY HOUSEHOLD ENERGY CONSUMPTI ON DATA

Four data paraneters were collected weekly from each field test
house: house gas consunption, house electricity consunption, space-
heati ng system gas consunption, and water-heating system gas consunpti on.
The raw data for each house were converted into SAS files and the

following variables were created for subsequent statistical analyses:
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1. househol d identification (ID which uniquely identifies
i ndi vi dual househol ds,

2. date when the neter data were recorded,

3. space-heati ng system gas consunpti on between this and the
previ ous reading,

4, wat er - heating system gas consunption between this and the
previous reading,

5. electricity consunption between this and the previous reading,

6. total house gas consunption between this and the previous
reading,

7. el apsed time in hours between this and the previous reading,
and

8. seven error check flags.

The field data were recorded by data collection personnel onto data
sheets designed by OR\NL and forwarded to ORNL for processing. Upon
receiving the data, ORNL project staff entered the data into a dBASE ||
Plus database using a full screen data entry system The quality of the
data was checked as it was entered. Values for the house ID, date, tinme,
and nmeter readings had to be within a feasible range. Values outside the

establ i shed ranges could not be accepted by the system

The dBASE 11l Plus files were converted to SAS files using a SAS
utility program Then, weekly energy consunptions were determ ned by
concatenating incomng neter readings to readings of the previous week
and calculating their difference. Al energy consunption data were
converted into British thermal units (Btus). For space- and water-
heating systens, this was acconplished by multiplying the differences by
the house-specific gas consunption rates {(one for the space-heating
system and one for the water-heating systemas discussed in Appendi X
A.3). Elapsed times between two consecutive readings were calculated in
order to standardize the energy consunptions per unit time. During these

calculations, the following quality checks were perfornmed:
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1. Negati ve values for the cal cul ated energy consunptions were
identified. This occurred nost often when the billing neters
were replaced (because new neters were initially set at zero)
and due to msreading of the meters.

2. I nconsi stent data were identified. I nconsi stency was defi ned
to be when the weekly house gas consunption was |ess than the
sum of space-heating system gas consunpti on and wat er - heati ng
system gas consunpti on.

3. Space- and water-heating systemel apsed tines greater than 75%
of the recording interval were identified. Such tines were
considered to be excessive and in need of explanation. In all

cases, incorrect neter installation or faulty pressure switches
were the cause.

A printout listing all weekly records containing invalid data was
generated. ORNL staff corrected all "correctable" errors, recalcul ated
the energy consumptions, and then rechecked the quality of the data.
Non- correctable errors were set as being "mssing" in order that weekly
records with "mssing" data could be skipped, if desired, in future
analysis. Causes for the non-correctable errors were identified and, to

the extent possible, were fixed in the field by NF personnel,

B.2 | NDOCR AND QUTDOCOR TEMPERATURE DATA

B.2.1 I|ndoor Tenperature

A tenperature recorder was installed in every participating house to
record and store house-specific hourly indoor temperatures. These data
were processed to obtain a database for each house containing the
following variables: recorder ID tine and date for each tenperature
reading, and hourly tenperature readings (in units of °F), for the entire
wi nter nonitoring period. The recorder ID uniquely identifies the
recorder and, with information nmaintained and updated by NF, the test

house in which it was install ed.

Fi el d personnel downl oaded the data fromthe recorders to floppy
di skettes once a nonth and forwarded the diskettes to CR\L. I ndi vi dual

house indoor tenperature data were stored in separate data files on the
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di skettes. The data stored on diskette were transferred to the
microcomputer using software devel oped by the nanufacturer of the
tenperature devices. These files were assigned file nanes identifying
their respective recorder ID and the nonth they were cocllected. The

recorder ID was also a data variable contained within each file.

Speci al software was devel oped in SAS to conbine the nonthly files
for each house. This software had to be designed to overcone three
complicating factors. First, the indoor tenperature files were not
formatted in a way that the data could be easily extracted. The SAS
software parsed the file in order to retain the recorder IDwith the
corresponding hourly temperatures, The recorder ID was retained to serve
as the identification link between the tenperature and energy consunption
files. Second, data were redundantly stored because the recorders store
the latest 83 days of hourly indoor tenperature data, but the data were
collected monthly. Additionally, the data for each house extended over
different time frames because the data were collected at various dates
and times. To avoid processing duplicate data and to increase
efficiency, a "benchmark"” date was sought for each house. This
"benchmark" date was the tinme and date when the nobst recent hourly indoor
tenmperature was recorded and processed. Wen processing the next nonth's
data, only data recorded later than the "benchmark” date woul d be

processed.

The validity of the hourly indoor tenperatures were checked.
Accept abl e val ues were defined to be within the range of 55°F and 90°F.
The data were also checked for repetitiveness by identifying cases where
ten consecutive indoor tenperatures were identical. Repetitiveness of
this order likely indicated that the recorder was not functioning
properly. Flags were raised if an invalid range or if constant readings
were detected. Qutput was generated to list all invalid data so that
ORNL project staff could manually inspect the |ist and nake appropriate

corrective actions.
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B.2.2 CQutdoor Tenperature

Qutdoor tenperature data were collected at three sites to represent
the tenperature at each test house. The instruments neasured the average
hourly outdoor tenperature and automatically stored the data onto a
cassette tape at periodic intervals. Field personnel collected the tapes
fromthe sites once a nonth and forwarded themto ORNL. These data were
further processed to obtain a database for each site containing the
following data: weather station ID time and data for each tenperature
readi ng, and hourly outdoor tenperature readings (in units of °F for the

entire winter monitoring peri od.

Data were transferred fromcassette to the mcroconputer and stored
in ASC Il format using software devel oped by the manufacturer of the data
|l ogger. These data were then converted to SAS files. In this conversion
step, recorded Julian dates were converted to cal endar dates and the
validity of the data were checked. Qutdoor tenperature data were
considered valid if they were within the range of -20°F and 70°F, year if
it was equal to 1988; Julian date if it was within the range of 0 and
366; and time if it was within the range of 0 and 2400. The
repetitiveness of the outdoor tenperature data were checked in the sane
manner as the indoor tenperature. The instrunentation status and battery
vol tage were al so checked, although these data were not stored. The
batteries in the data | ogger needed to be replaced if the voltage |evel
was below 10 volts. The programming of the data | ogger had been tanpered
with if the instrunentation status was not equal to a predeterm ned
constant. Qutput was generated to list all invalid data so that ORNL
project staff could nmanually inspect the |list and nake appropriate

corrective actions.
B.3 HIBSEHAD SURVEY DATA
An entry interview conducted at the beginning of the field test

establ i shed the house and space-heati ng equi pnment characteristics of the

test houses, and the behavioral characteristics and denographics of the
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occupants. Field personnel interviewed heads of the test households,
visual ly inspected and neasured house structural and physi cal
characteristics, and recorded the information on survey forns designed

and provided by ORNL. A full screen interactive data entry system was

designed using dBASE IIl Plus software to facilitate data entry onto
conput er dat abases. This data entry system di spl ayed screens which
sinul ated the survey forms, and pronpted the user to fill in the blanks.

Sinpl e range checks were inplenented during data entry so that errors
coul d be corrected immediately. SAS files were created fromthe dBASE

Il Plus files for further data analyses.

B.4 MEASURE SELECTI ON TECHN QUE RELATED DATA

Based on current structural and physical characteristics of the
house, the energy conservation nmeasure selection technique recomrended
ECMs for each test house. A database was created that listed the
recormended ECMs for each house, the estinated cost to install each ECM,
and the estimated energy savings for each ECM A full screen interactive
data entry system was designed using dBASE Il Plus software to
facilitate data entry. After NF conpleted the installation of the ECMs,
the EOM actually installed were identified in the database, the actual
installation cost noted, and the estinated energy savings for each ECM as
it was installed (if less area was insulated, for exanple, the estinated

energy savings was lowered).

B.5 MERA NG FI LES

In order to nornalize the energy consunptions and savings, the
househol d energy databases were nerged with the indoor and outdoor
tenperature data files. This required establishing links (such as house
ID, recorder ID, and weather station ID between the different data
bases, The survey and audit related data were analyzed separately and,

thus, were not nerged with the other data sets.
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Qut door tenperature was nerged rather readily wth indoor
temperature. For each house, the closest site where outdoor tenperature
was recorded was identified. The outdoor and indoor tenperatures were
then merged using the appropriate site (identified by the weather station
ID and the tinme (to the nearest hour) and date when tenperatures were

r ecor ded.

Wiil e the energy consunption data were nerged with the hourly
tenperature data, a tenperature variable was cal cul ated corresponding to
the tine period represented by the energy consunption data. Two
tenperature vari ables were calculated: the average difference between
hourly indoor and outdoor tenperatures for the period, and the average
difference after setting negative hourly differences equal to zero.
Wsi ng the house and recorder 1IDs, the tenperature and consunption files
for each house were nerged and tenperature variabl es cal cul at ed.
Calculating this difference was conplicated by the fact that the
recording interval for the energy consunption data vari ed week to week
for a given house and al so vari ed between houses. During this process,
the energy consunptions were also nornalized to tinme by dividing the
consunptions by their respective recording intervals. In this nanner
average weekly consunptions for each period were obtained. This
nornal i zati on was required because the recording intervals varied

(especially if a weekly reading for a given house was nmi ssed) even though
data were collected on prinarily a weekly basis. This nerged data set

was then used in subsequent analysis.

B.6 DATA QUALITY AND H B.D BEXPER ENCE

The majority of the errors that were detected in the consunption
data were due to the sum of space- and water-heating system gas
consunption exceedi ng the total house gas consunption. This sum
consi stently exceeded the house gas consunption in 14 houses, siXx because
of metering problens with the water-heating energy consunption and the
remai ni ng ei ght because of unexplained problens with nmeasuring the space-

heating gas consunption. In 17 houses, the sum exceeded the house gas
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consunption in either the pre- or post-weatherization periods by |ess
than 5% and generally for only one to three weeks. Reasons for these

observations are further discussed in Appendix A.2.

Some energy data were | ost when the meters were being repl aced.
Because the new neters always had their initial settings at zero, the
di fferences between the old neter reading and the new nmet er readi ng were
al ways negative. On a few occasions, the occupants were not hone to | et
the field personnel into retrieve data. In one house, the occupant
began to allow the field personnel in only once a nonth. For those weeks
in which nmeter readings were |ost or not obtainable, the weekly record
was set as mssing. The house gas or electricity meter reading was
estimated on several occasions when it was the only piece of data

m ssi ng.

The run-tinme of either the space- or water-heating systemwas more
than 75% of the recording interval in six houses: the pressure switch
failed in five and the elapsed-time neter was incorrectly installed on
one space-heating system (ne pressure switch was replaced and the
incorrect installation was nodified; corrective actions were not taken

due to time constraints in the remaining four houses.

Qut door tenperatures recorded at one site dropped to -6996.80 (an
obviously erroneous reading) on several isolated hours. These val ues
were estimated by the average val ue of the tenperatures an hour before
and after the invalid reading. Conparisons were made between the
tenperatures recorded at the three sites to further check the calibration
of the nonitoring instrunents. These tenperatures were found to be
consistently within a range of 4°F each other. A subsequent

recalibration of the equipnent reduced this range to half.
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APPENDIX C. ENERGY CONSERVATI ON MEASURE SEILECTI ON TECHN QUE ERRCOR

An error found in the selection technique adversely affected the
ECMs installed in nine of the 45 audit houses: ECMs that were not cost
effective were incorrectly recommended for installation and, conversely,

ECM that were cost effective were not installed.

EOMs were installed in the audit group of houses in the fall of 1988
foll owing the recommendations of the measure selection technique. At
this time, a BOR cutoff of 1.25 was used in the technique to Iimt
average expenditures to about $1500/house. After the reconmmrended EQW
had been installed in the houses, a progranmming error involving a
m spl aced parenthesis was found in the technique that affected the BCR
calculated for wall and attic insulation only. The value of the BCR
determ ned by the incorrect equation in the technique was about 50%
hi gher than the correct value, making attic and wall insulation appear to
be nore attractive EOM than they actually were. As a result of this
error, attic and wall insulation could be installed in houses when it
should not (when the correct BCR was less than 1.0) and cost-effective
EOMs that should be installed m ght not (because of interactions and

choosing a BCR cutoff greater than 1.0).

After correcting the programming error, a new list of recomended
ECVs was obtained for each house. Wth a BCR cutoff of 1.0, ECM
recommended by the corrected technique were exactly the sane as those
previously recommended in 26 houses. In 10 houses, there was no
difference between the EQW recommended by the corrected techni que and

those installed except that:

1. a vent damper (on two water-heating systens and one space-
heati ng systen) recomrended by the corrected techni que was not
installed (three houses),

2. attic insulation with an estinated savings of less than 6
therns/year was installed that was not recommended by the
corrected technique (three houses),
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3. floor insulation with an estinmated energy savings of |ess than
11 therns/year was not installed but was reconmended by the
corrected technique (tw houses), and

4, wall insulation with a BCR of 0.99 was installed that was not
recomrended by the corrected nmeasure sel ection technique {two
houses).

As shown in Table €.1, there were significant differences between the
ECMs installed and those previously recomrended in the remaining nine
houses. Thus, despite the error found in the technique, the EOMW
installed in 36 houses, based on a BCR cutoff of 1.25, basically
conformed to the recommendati ons of the corrected technique using a BCR
cutoff of 1.0.

A BCR' cutoff of 1.0 was used with the corrected techni que because
di fferences between ECMs recommended by the corrected technique and those
installed following the incorrect technique were m nimzed, an average
expendi ture of about $1500/ house was naintained, and all cost-effective
ECQM were performed. In addition to correcting the programmng error,
two additional changes were also nmade when the technique was rerun to

i nprove accuracy and to correct other mnor mstakes:

1. A bal ance point tenperature of 60°F was used for all houses
Originally, nopst houses were anal yzed using a tenperature of
58°F, although values in the low 50's and niddle 60's were used
in sone cases. A tenperature of 60°F should have been the
default case, with deviations of only several degrees being
reasonabl e in special cases,

2. The R-value of all wall insulation to be installed was set to
R-13 and an equation in the technique calculating the savings
fromwall insulation was nodified to reflect this consistency.
Al wall insulation to be installed under the field test was to
be perforned using cellulose insulation (which has an R-val ue
of 13 if installed in an average wall). In a fewlimted
cases, the auditor incorrectly entered an Rvalue of 11. The
equation used in the technique to calculate the savings from
wal | insulation was designed to be applicabl e whet her
fiberglass or cellulose insulation was used. To make this
equation applicable for both cases, a divisor of 12 was used
instead of using a value of 11 specifically for fiberglass and
13 for cellul ose.
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Table €.1. Energy conservati on measures that should or shoul d not
have been installed in the nine houses with significant differences

Measures Installed that Measures recomrended by
were not recomrended by the corrected technique
House nunber the corrected technique that were not Installed
9 wal | insulation
29 attic insulation furnace
73 floor insulation

attic insulation
wal | insulation
89 wal | insulation attic insulation
floor insulation

131 wal | insul ation
141 wal | insulation

153 st or m wi ndows
166 wal | insulation

169 wal | insulation
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Anal yses were perfornmed to ensure that the audit group of houses was

not biased if the group were linited to 36 houses. First, the 36 houses

remaining in the audit group were conmpared to the control houses:

1.

Second,

1.

The nean values of the annual space-heating energy consunption
for the two groups (calcul ated using pre-weatherization data
and based on pre-weatherization conditions) were conpared and
no significant difference was found.

The nean values of the follow ng house and occupant
characteristics were conpared: attic UA, attic U fraction of
attic area insulated, attic area, wall UA wall U, fraction of
wal | cavity area insulated, wall area, fraction of foundation
area insulated, total foundation area insulated, foundation
type, presence of sill box insulation, fraction of single-pane
Wi ndows with and w thout storm windows, fraction of multi-pane
wi ndows with and wi thout stormwindows, fraction of exterior
door areas with and without storns or thermal insulation,
nunber of floors, house age, basenent area, total floor area,
heated floor area, non-basement area, fraction of total floor
area heated, nunber of occupants, space-heating system age,
type of space-heating system, presence of space-heating system
vent danper, and presence of an intermttent ignition device.
As discussed in Sect. 4.3, no significant differences were
found except for the wall U and fraction of wall cavity area
insul ated. Because conparisons between the 45 audit houses
(the 36 houses plus the nine to be renoved) and the contro
houses reveal ed the same results, the differences were not
caused by the renoval of the nine houses

the 36 houses were conpared to the nine to be renoved:

O the nine houses to be renoved, four had a furnace and were

| ow energy users (annual house gas consunption determ ned from
billing data was in the lower 50th percentile of all the houses
used in the field rest), four had a furnace and were high
energy users, and one had a boiler and was a high energy user.
Because about 13% of the audit houses had boilers, only one of
the nine houses to be renoved should have had a boiler for
there to be no bias. Wth half the houses to be renobved bei ng
high energy users and the other half being |low energy users, no
bi as exi sted.

The mean val ues of the annual space-heating energy consunption
for the two groups (calcul ated using pre-weatherization data
and based on pre-weatherization conditions) were conpared and
no significant difference was found
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3. The mean val ues of the installation costs estinated by the
corrected technique for the two groups were conpared and no
significant difference was found (average of $§1507/house
estimated for the 36 houses and $1225/house for the nine
houses; the average value of the nine houses would have to be
| ess than about $1000/house for there to be a significant
difference).

4. The nean values of the annual savings estinmated by the
corrected technique for the two groups were conpared and no
significant difference was found (average of $211/house
estimated for the 36 houses and $175 for the nine houses).

Information collected on the nine houses remai ns useful in studying
the accuracy of algorithms used in the selection technique to predict
energy savings and installation costs. I nformation from these houses
cannot be used, though, to represent the energy savings that would result
fromuse of the corrected technique or the types of ECMs that would be

installed, for exanpl e.
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