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ABSTRACT

Pacific Gas and Electric (PG&E) and the Bonneville Power Administra-
tion (BPA) have conducted studies in their respective service areas in
order to evaluate the cost-effectiveness of certain conservation -retro-
fits. Twenty houses in Walnut Creek, California underwent an infiltra-

tion reduction program, similar to "house doctoring." Ten of these

houses. also received additional contractor-installed measures. BPA
retrofitted 18 houses at its Midway substation in central Washington.
Retrofits made to the houses included: attic and crawlspace insulation,
foundation sill caulking, storm windows and doors, increased attic ven-
tilation, and infiltration reduction. Energy consumption ahd weather
data were monitored before and after each set of retrofits in both pro-
jects. Leakage measurements were made by researchers from the Energy
Efficient Buildings  Program using blower door fan pressurization,
thereby ‘allowing  calculation of heating season infiltration rates. An
energy use model correlating energy consumption with outside temperature
was developed in order to determine improvements to the thermal conduc-
tance of the building envelope as a result of the retrofits.. Energy
savings were calculated based on the results of the energy use model.
As a check on these findings, the Computerized Instrumented Residential

‘Audit (CIRA) load calculation program developed at Lawrence Berkeley

Laboratory provided a theoretical estimate of the savings resulting from
the retrofits. At Midway, storm windows and doors were found to save
the most energy. Because the Midway houses were not very leaky at the
beginning of the experiment, the infiltration reduction procedures were
less effective than expected. In the Walnut Creek project, 'the infil-
tration reduction procedures did decrease the leakiness of the test
houses, but the effect upon energy savings was not great.

Keywords: conservation, 1nfiltration. insulation, retrofit, house doc-
toring, thermal conductance, cost-effectiveness
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INTRODUCTION

The high marginal costs of new supplies of gas and electricity are
forcing many utilities to ~consider ways of using energy more effi-
ciently. Residential customers consune 25% of end use energy supplied
by the nation's utilities, therefore, conservation in the residential
sector is a large potential source of "new"“ energy and a significant
number of utilities have conducted projects to determine the optimumvset
of residential conservation retrofits for their service area [1] Within
_ the last two years. the Energy Efficient Buildings Program at Lawrence
‘Berkeley Laboratory has participated in the design, implementation 'and
:analy51s of two such projects. one with the Bonneville Power Administra-
tion (BPA) [2] and the other ‘with Pacific Gas and Electric (PG&E) [3]

The BPA progect. a two-stage effort ‘was conducted in 18 occupied
BPA-owned houses at the Midway substation near Hanfcrd Washington, in

_order to evaluate the energy savings and cost-effectiveness of several

different conservation retrofit strategies: . insulation of attics and

crawlspaces, installation.of storm windows and doors [4], and reduction
of infiltration through application of some of - the techniques of "house
~ doctoring" [5.6] The PG&E project was ‘conducted in 40 houses in Walnut
Creek California, a suburb of San Francisco. The project was designed
to measure the marginal energy savings resulting from the addition of
house doctoring to an energy audit. This paper describes the results of

both projects.

SITE AND PROJECT DESCRIPTIONS
Midway

Midway is located in the arid southeastern part of Washington. The
area experiences approximately 4,600 heating degree days (base 65 OF)
per year with a low average wind velocity (7 mph). The 18 houses at the
substation, built between 1945 and 1968, are wood frame, single-family.
detached structures. They use only electricity as an energy source and
have almost identical space heating ' equipment. . During the project,
house occupants paid a flat monthly fee for electricity. The 15 older

‘houses were constructed with 2 inches of mineral wool insulation in the
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ceiling and exterior walls; the remaining three have six ‘inches of
fiberglass in the ceiling and 1.5 inch batts in the walls. The 15
older houses have double-hung wooden windows; the three neweriones.bhor—
izontal aluminum sliders. Prior to the retrofits, most of the double-
hung windows had interlocking metal tracks that functioned as partial
weatherstripping, and most exterior doorways had bld. ineffective brass

weatherstripping. -

In 1978, BPA installed electric submeters in each of the 18 houses
in order to monitor total electric, water heat, space heat and air con-
ditioning energy consumption.‘ Air,tempeygture. wind speed and direc-
tion, and solar insolation were measured at a central site. House inte-

rior temperatures were not measured. For the purposes of the project,

‘the 18 houses were divided into three groups, or cells (with six houses

per cell), each'receiving‘a different set of retrofits. In 1late 1979,
BPA began its first set of conservatioh retrofits to Cell 2vénd Cell 3
houses (Cell 1 served as a control group for Phase I), consisting of: 1)
an increase in attic insulation with loose-fill fiberglass from approx-
imately R-10 to R-30; 2) installation of R-19 fiberglass batts in the
crawlspace secured to the interior perimeter of'the'foundatidn wall and,
where appropriaie. a vapor barrier on the crawlspace’ floor; 3) an
increase in attic -ventilation 'thrbugh addition of soffit and Eidge
vents; 4) caUlking of the foundation sill plate; and 5) (Cell 3 houses
only) installation of storm doors and windows. Before and after instal-
lation of the measures, a two-person team from LBL measured leakage

areas in the houses using blower door fan pressurization [7]. -

In the fall of 1980, LBL researchers and BPA employees undertook an
air ‘infiltration reduction program similar to house doctoring in the
houses of Cells 1 and 3 (with Cell 2 serving as the control). Houses in
Cell 1 received approximately 22 person-hours of -work, while those in
Cell 3 each received about 10 persbn-hohrs.- Pressurization measurements
made before and after the procedure allowed an evaluation of the redué-
tion in leakage areas resulting from the procedure. :A general 1list of
the retrofits performed‘in Cells 1 and 3 is presented in Table 1. Cost

breakdowns for the two phases of the project are shown in Table 2.
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‘Walnut Creek

Walnut Creek is located east of San Francisco, some 30 miles inland,
with winters shorter and colder (and the summers warmer) thah cities
located around the San Francisco Bay.. The area experiences 2,900 heat-
ing degree. days per year (base,65°F)._close to the average for PG&E's
service territory. The housing in Walnut Creek is of reasonably uniform
construction and of a type common in northern California. The houses
- chosen for the study, built between 1956 and 1969, were all single-
story, stucco or frame detached structures with low attics and crawl-
spaces. All were heated by forced-air natural gas furnaces and none
contained more than nominal amounts of weatherization retrofits prior to
the start of the project. ’

The project was conducted over the course . of two heating seasons
(1979-80, 1980-81).  “In order to measure the effect of house doctoring,
four treatments were compared: 1) a PG&E "Home Energy Use Survey" that
.-included 2 person-days of audit and house-doctoring; 2) an Energy.Use
. Survey oniy: 3) a "full retrofit" including house doctoring and .conven-

tional contractor retrofits; and 4) no. _treatment (control). Hodses were

- chosen from a Sample of 615 on three .contiguous meter reading routes.
Utility bills were analyzed to. -find houses with a good correiation
between average daily gas use and local degree days. Through a detailed
- selection procedure. the sample was narrowed down to 40 houses, with 10
- in each group. No participant was informed of the existence of the

other groups in the experiment.

-The house doctors spent .an average of ju person-hours in each house

.performing infiltration redpction procedures, installing hot water con--

servation devices and changing .furnace filters. For 1legal reasons,

~ water heater insulation and intermittant ignition devices were installed

'by other PG&E employees. After completion of the house doctor pro-

. cedure, a Home Energy Use .audit was performed. Table 1 describes-the
-treatments received by the houses and Table 2 lists the costs of the

retrofits made to the Walnut Creek house.



Table 1: Infiltration Reduction and Other Retrofits Made to the Midway and.

Walnut Creek Houses

Retrofit and Location

Midway

Walnut Creek

‘House Interior

Install outlet and switch plate gaskets

all houses

most houses

Caulk baseboard heaters all N/A
Caulk air conditioner penetration through wall all most
Cover air conditioner with polyethylene some none
Caulk circuit/fuse boxes all some
Caulk plumbing penetrations all ~all
Caulk electrical penetrations all all
Seal light fixtures all all
Caulk window and door frames all " some
Weatherstrip windows and doors all - some
Install door sweep all all
Attic

Weatherstrip attic hatch v all all
Caulk around plumbing vent pipes some all
Seal dropped ceilings some all
Stuff fiberglass into large openings some all
Caulk around light fixture penetrations some all
Caulk electrical penetrations all all
Seal wall/ceiling joints at top plate some all
Basement or Crawlspace

Weatherstrip crawlspace hatch or basement door all all
Weatherstrip crawlspace vent doors . some none
Install or repair crawlspace vent doors some none
Caulk plumbing penetrations all all
Caulk electrical penetrations all all
Caulk cracks in subfloor "some ' none
Seal joint between foundation and sill plate some none
Seal top and bottom of band joist some. none -
Weatherstrip basement windows some . none
Caulk basement window frames some none
Stuff fiberglass into large openings all all
Other

Install low-flow showerheads and other devices none most
Change furnace filter © none most
Install intermittent ignition devices none most
“Wrap hot water heater none most




Table‘2:'Costs of Retrofit Projects

- MIDWAY PROJECT

-Cell 1

Cell 2

. Cell 3

Phase I Retrofits
(1979-80) Lo

None

Attic insulation;
crawlspace insula-

tion & vapor bar-. .

. .-rier; foundation

sill caulking _

Attic insulation;
crawlspace insula-
tion & vapor bar-
rier; foundation

" sill caulking;
" storm windows &

Ce doors
Average cost per house - .$1,866 1 - $4,032
Phase II Retrofits 22:per30n;hour None 10 persén—hour
(1980-81) infiltration infiltration
reduction pro- reduction pro-
~ gram - gram
Average cost per house $525 - $329
- a
WALNUT CREEK PROJECT )
E B
b :
Group A Group B Group C
Infiltration | "Infiltration

. reduction; hot

water conserva-
tion; water
~heater blanket

reduction; hot
water conserva-
tion; water

heater blanket

Energy audit only

Average cost per house

. $367

$367

$75

aGroup D acted as a '"blind" control; that is, occupants were not aware of their
participation in the project.:: .

b Group A subsequently received contractor retrofits. -

Costs in this table based on information receivéd from B?A and PG&E.

[}
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ENERGY USE MODELS
Midway

To evaluate the reductions in energy consumption caused by the Mid-
way conservation retrofits, we employed a two-parameter model based on

the equation:

E= K(Tb - To) . | - (1N

where o
- S+G
Ty =Ty - ~x—
- and

E is the energy supplied for space heating (kWh/day);

K is the "thermal conductance parameter" of the house (kW/OC);
.-S is the energy supplied by solar gain (kWh/day):
G is the energy supplied- by internal sources such as people and

appliances (kWh/day);

T is the balance temperature (°C).

T is the exterior temperature (°C); and

Ti is the interior temperature ( °c).

In this model, daily energy-consumption is a linear function of the

.difference between the relatively conStant balance and changing exterior

temperatures (AT). K is a constant of proportionality equal to the heat
loss rate of the house per degree Centigrade. Tb' the "balance tempera-‘
ture," is the outdoor temperature at which space heating becomes neces-

sary.

Conservation retrofits can affect the relationship between energy

use and T in two ways: (1) K may decrease, reflecting a lower heat loss

rate per C and/or (2) assuming that Ti' S, and G remain fixed, the
balance temperature of ‘the house is reduced (as K decreases, (S + G)/K
increases. and T, - (S + G)/K decreases) The difference in the K value

of the pre- and post-retrofit models is a measure of the effectiveness
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of the retrofits. Energy use is affected by changes in both K- and the
balance temperature. Internal heat contributions (G) such as abpliance
energy use, occupant metabolic heat and solar gain are generally impor-
tant in modelling energy use. We looked for the effects of solar gain
‘in the data by trying to find a relationship between daily energy use
and solar inSoiationQ No such relationship was discovered. We also
looked for increases in non-space heating energy ‘use during colder
months, but found nothing.»r Occupant metabolic heat was treated as a

constant background to space heating energy use.

Although energy consumption data were available for each Midway
house, we found it easiest to compare houses on the basis of an average
annual energy use for‘each cell, normalized‘to,a etandard year and house
floor area. To do this, we aggregated daily}energy use for each house
into seven day periods, and then normalized these quantities to floor
area. The normalized seven-day energy’ consumption values for all houses
in ‘a cell were then added together. averaged over ' identical seven-day
periods and plotted against outside temperature. The "thermal conduc-
‘tance parameter" derived from this exercise was then used  to calculate

annual energy consumption in the following -equation:
=k (Tb - To) x (floor area) x (heating days per standard year)(2)

-where

E is annual space heating consumption (kWh/yr )

k is the normalized "thermal conductance parameter
(K/mz). ‘and ' '

all other variables are the same as prev1ously defined.

Walnut Creek

In order to determine the effectiveness of the Walnut Creek treat-
ments. the change in average annual energy consumption (\G) was calcu—
lated, based on a correlation between fuel consumption and outside tem-
perature. Natural gas use (from utility bills) and temperature data

(from a weather station seven miles away) were converted to daily aver-

t ages for each billing period. ' The data points were fit to a two-
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parameter linear model:
E=zI«+C (DDT) : _ (3)

where’ . .
E is the vaverage daily gas consumption (therms/day);
‘I is baseload gas use (therms/day); »
C is the total thermal conductance of the house divided
vby furnace efficiéncy (therms/oF-déY): ’

DDT is the average daily degree~days per day based upon a balance

temperaturé Tb'

I represents gas use due to cooking, water heating, clothes drying

ete. These sources of energy consumpﬁion have been considered indepen-

" dent of weather in this analysis. [C «x (DDT)] is the heating component

(therms/day). C 1is thus the total thermal conductance of the house
divided by the heating system efficiency. The balance temperature chosen

- for each house was that temperature that gave the largest”rzﬁ(best fit)

for the linear model for a range of values of Tb. ~Total énnual.gas con-

sumption, G, was then calculated by the equation:

G.v= 365 I + c (”DDT)total (4)

where e

- C (DDT)total'is the total number of degree days in an average

year (based upon a 30-year average ending in 1979).

G was -calculated for the periodrbefore'and after a partiéular treat-
ment. The effect of the treatment is expressed as a percent change in G,
with the uncertainty in this quantity being calculated by a method
developed at Princeton University‘[8].,Average,sévinés for a tréétment
group were calculated by weighting each individual measurement with the

inverse of the variancerof the measurement.



Using fan pressurization data; we calculated average heating season
infiltration rates based on the LBL infiltration model and local wind

and temperature data [9]. The change in heating season infiltration

after treatment is one way of estimating the efficacy‘of the infiltra-

tion reduction portion of house doctoring. The calculation of minimum
expected savings for each house doctored house was found by using the
change in infiltration anduthe balance temperature. To this were added
predicted' savings for intermittent ignition devices and water'heater
insulation. if installed Savings from low flow showerheads and - some

other measures were ‘not included in this calculation.

RESULTS AND DISCUSSION

Midway

Tables 3 through 5 present the results of the Midway project. Table

3 presents leakage areas (in cmz)vmeasured during Phases I and II of the
.Midway project, specific leakage areas (leakage area divided by house
floor area, in omz/mz) and average heating season infiltration rates (in
air changes per hour) derived from the leakage area measurements.. As can
be seen from the data, retrofits that increased the R-values of building
components had negligible effects upon leakage areas, whereas measures
designed to reduce infiltration—-stormrwindows and doors and the infil-
tration reduction procedure--did significantly reduce leakagev areas.
The decrease in leakage areas due to the infiltration reduction pro-
cedure were somewhatlless than might have been expected, giVen the
amount of. time spent on the procedure. (It is generally-assumed that
the infiltration.reduction portion of house doctoring'will reduce leak-
age areas by 20 to 40 percent, resulting in energy savings on the order
of 7.5 to 15 percenti[10].)'This'might be explained by the fact that the
Midway houses were quite tight to begin with and provided little oppor-
tunity for significant tightening.: Figure 1 compare pre- and post-

retrofit specific 1leakage areas for the Midway houses with the sanerf

quantities measured for other groups of houses in North America- [11].
Even before retrofitting, in terms of specific leakage area the Midway
houses were among the tightest measured and compared favorably with two

- groups of new, energy-efficient houses in Eugene, Oregon [l2] and
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Rochester, .N.Y. [13].

Table U4 presents results obtained from the enefgy-use model applied
to Midway. These results are presented in terms of a normalized thermal
conductance parameter. K divided by cell floor area (Watts/OC—mz)
Table 4 also compares actual (derived from the model) and estimated
energy consumption and savings resulting from the conservation retro-
fits. Estimated energy consumption was calculated by the Computerized
Instrumented Residential Audit (CIRA) developed at LBL [1&].' According
to the model, houseL‘with changes to the shell--due to increased insula-
tion or decreased infiltration--should show decreases in both normalized
thermal conductance (K/floor area, in watts/oc-mz) and the balance tem-

perature. but the changes observed were not always consistent with this

-expectation. Changes in the balance temperature were particularly puz-

zling and may have reflected increased indoor temperature settings.
(The phenomenon of occupants increasing . indoor temperatures as a
response to conservation retrofits has been observed in both England and
Sweden; and mayvhave occurred here [15].) Another unexpected result was
the uncertainty in energy savings in Cells 1 and 3 as a consequence of
the infiltration reduction program. The estimated standard errors shown
in Table 2 and Figure 3 point up the sensitivity of energy savings to

small variations in k and balance temperature.

“Table 5 presents the results of economic evaluations ofk’the cost~
effectiveness of the Midway retrofits. The analyses performed were net
benefits, benefit-to-cost ratio, and internal rate of return [16], and
the cost of conserved energy [17] adjusted to be. comparable to the
present retail price: of ‘energy. The economic parameters used in the
analyses are shown in the tables. Also presented are the results of the
economic <analyses if the 15% federal energyvconServation tax credit is
included and if the BPA "Energy Buy-Back Weatherization Program" is
applied. Under this program, BPA will make a one-time _payment to the
consumer of 29.2 cents per kilowatt-hour_ for the estimated total
kilowatt-hours saved in a single year by installed conservation meas-

ures, or the actual cost of those measures, whichever is less [18].

'Using reasonably realistic economic parameters, two of the three conser-

vation measures (attic insulation and storm windows and doors) were

- 11 -



found to be cost-effective at an energy price slightly greater than 2.5
cents/kWh. These results should be interpreted with some caution, how-
ever, since inclusion of a salvage value can 'impkove a measure's
apparent cost-effectlveness without a concomittant increase in the

homeowner's cash flow.

‘Walnut Creek

Tables 3 and 4 also present the results of the Walnut Creek project.

Table 3 shows leakage areas (cmgé. specific leakagé areas (cmz/mZ). and

average heating season infiltration rates for 30 of the 40 houses in the

project. Figure: 1 ' includes the pre- and post-retrofit quantitiesvfer
these groups of houses compared to other groups of measured houses. too.
Based upon the heating season infiltration rates calculated with:the“LBL
model, infiltration was found to account for 9 to 26% of the total heat-
ing load of each house. (Infiltration typically accounts for 25 to U40%
"of the’ heating load of a house.) The small contribution of infiltration
to the heat load limited the savings available from infiltration reduc-

tlon. -

Table 4 shows both predicted minimum savings for the house doctored
group of houses and the measured change in normalized annual energy con-
sumption for three of the four experimental groups and for the average
residence'jin Walnut Creek. (Data -collection is not complete on the
_ extended retrofit groﬁp.) The mean savings for each of the groups are
'significantly different from zero, but not from each other. The control
group, while not exactly the same population as the other groups showed
a 7% drop in normalized annual energy consumption. This was found to be

very close to the average reduction seen in all Walnut Creek residences.

The difference between the average'savings resulting from house doc-
toring and auditing »is,vquite small._One possible explanationvis that
occupants of the audited houses simply performed more of the audit
recommendations than did people in the house doctered houses. The érice
of natural gas increaeed by overV50$ and the price of eleetricity dou-
.bled during the course of the e;periment and_priceeinduced conservation

undoubtedly took place. Some of the house doctored households may have
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Table 5: Results of Economic Analyses of the Midway Retrofit Project

 Attic and Crawlspace Insulation

Retrofit Cost: . $_1,860 Energy Savings: . 3,240 kwn/y
Amortization Period: 30 _yrs. Maintenance Cost:. $ 0 /yr.
Tax Credit Value: $__ 2719 BPA "Buyback Value: ‘;S 946
Real Discount Rate: 4.5 2 .
Energy Escalation Rate: 1.8 % Discounted Salvage Vilu}:s . 627 e
. No Tax Credit® Tax Credit | * BPA "Buyback"-

Energy Cost (¢/kWh) 2.5 5.0 2.5 5.0 . 2.5 5.0
Net Benefits (§) '| 174 1,835 453 |<2,114 | 1,120 | 2,781
Benefit/Cost Ratio | 1.09 1.99 1.29 236 | 2.227] 4.04

j Internal Rate of 5.1 ‘10.2 6.2 11.9 | 10.8 19.8
Return () ) ) . . .
Adjusted Cost of Conserved Energy: . $6.45"/‘M:l§t'u

. .-
>

" Storm Windows and Doors

v
-

L

Retrofft Cost: $.2,159 - Energy'Savinga: : i ~ 4,960 kWh/yr .
Amortization Period: 30 yrs. Msaintenance Cost: "¢ s0 /yr.
Tax Credit Value: $_ 324 BPA "Buyback Value:  §_1,448

Real Discount Rate: 4.5 %
Energy Escalation Rate: 1.8 2 Discounted Salvage Value:$ 288

: No Tax Credit* Tax Credit . BPA "Buyback"
Energy Cost (¢/kWh) 2.5 5.0 2.5 5.0 2.5 5.0
Net Benefits (S) =142 2,402 182 2,726 1,306 3,850
Benefit/Cost Ratio 0.95 1.81 1.07 2.03 1.86 ) 3.52
Internal Rate of | 4.1 11.0 5.1 12.8 13.3 | 30.7
Return () _ : B
Adjusted Cost of Conserved Energy $7.62 /MBtu .

22 Person-hour Infiltration Reduction Program

s

Retrofit Cost: $ 525 Energy Savings: ' 1,840 kWh/yr.
Amortization Period: 10 _yrs. Maintenance Cost: $ 25 Iyr.
Tax Credit Value: $ 19 BPA "Buyback Value: $__ 525

Real Discount Rate:
| Energy Escalation Rate: 1.8 X Discounted Salvage Value:$ 0
No Tax Credit* Tax _Credit BPA “'Buyback"

Energy Cost (¢/kwh) 2.5 5.0 2.5 5.0 2.5 5.0
Net Benefits ($) -323 76 ~244 155 202 601
Benefit/Cost Ratio 0.55. 1.10 0.62 f.24 2.02 4,04
Internal Rate of o' 7.2 0 10.8 50+ 50+
Return (%)

Mdjusted Cost of Conserved znergy: $13.18/MBtu
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felt less of a need to undertake additional efficiency or belt tighten-
ing measures than did those in the audit or control groups. This is an
effect that has been observed in other conservation retrofit projects
[19]..It is interesting to note that PG&E estimates an average reduction
in energy use of 9.3% in houses receiving an energy audit 1n' their
system-wide program. (Since no savings were observed in the Walnut Creek
houses when comparéd to Fhe’controls, economic anaiyses 6f the results

were not calculated.)
CONCLUSIONS

‘The results of these projects should not be generalized to other
locations or housing stocks, The Midway and Walnut Creek houses are
atypical for at least onhe reason: the houses were initially quite tight,
hence the energy savings- that could be reélizedvby the infiltration
reduction efforts were not great. Clearly. infiltration reduction pro-
grams should not be undertaken in groups of houses that are found to

have low leakage areas.

 Economi¢ considerations are equally important, however. The 1low
flat monthly fee for electricity paid by residents of Midway removed any
price-induced incentive to conserve. (Indeed, they consume much - more

electricity than the average for the BPA service region, and there is

~ some reason to believe that-the retrofits could have induced them to be

even more liberal with their energy use.) On the other hand, the Walnut
Creek program seemed to show that price-induced conservation is at least

as important as that resulting from weatherization retrofits.

As far as house doctoring (or a similar infiltration reduction pro-
gram) 1is concerned, the results of these two projects are mostly incon-
clusive. While significant reductions in leakage areas (up to 35% in
some groups) were observed, corresponding reductions in energy usage
were not. This suggests that housé doctoring should include more _thén

just an infiltration reduction.component; it should also include, for

" example, hot water heater wrapping, installation of low-flow devices,

furnace tune-up and occupént education. The two experiments provided
little useful information for deterﬁining which houses may be tight ini-

tially, At a minimum, in any future experiments of this sort, the
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housing stock to be tested should be measured beforehand with a blower
door in order to ensure that retrofitting programs of this sort are
worthwhile. -

B , ‘ N
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