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ABSTRACT

BECA-B assesses the technical performance and economics of energy
conservation retrofit measures in houses. The data collected thus far
represent measured energy savings and retrofit costs for over 65 North
American residential retrofit projects. The sample size within each
project ranges from individual homes to 33,000 dwellings participating
in a utility-sponsored program. The median value of energy savings 1is
22%. For fuel~heated homes, the median cost of conserved energy is
$3.86/MBtu, substantially less than the average 198l prices for pur-
chased energy of $4.50/MBtu for natural gas and $8.70/MBtu for fuel oil.
For ten of the eleven electric heat retrofits the cost of conserved
electricity is less than the 1981 average residential electricity price

of 6.2¢/kWh,.

*Most of this article 1s excerpted from Building Energy Compilation and
‘nalysis (BECA) Part B: Existing North American Residential Buildings,
by L.W. Wall, C.a. Goldman, A.H. Rosenfeld, and C.S. Dutt, Lawrence
Berkeley Laboratory LBL~13385, EEB-BED-82-05, July 1982.

#The work described in this report was funded by the Assistant Secretary
for Conservation and Renewable Energy, Office of Buildings and Community
Systems, Bulldings Division of the U.S5. Department of Energy under Con=-
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INTRODUCTICGN

BECA-B is a compilation and analysis of measured energy use by U.S.
and Canadian houses before and after conservation retrofits. Qur results
are based on the experience of homeowners, government agencles, utili-
ties, and private firms. This study is part of an ongoing project that
collects and critically reviews measured data on the energy performance
and cost-effectiveness of low-energy new homes (BECA-A), existing
“"retrofitted" homes (BECA-B), energy-efficient commercial buildings
(BECA-C), appliances and equipment (BECA-D), and validation of computer

programs {(BECA=V).

The U.S. residential sector accounts for approximately one-fifth of
the nation’s energy consumption. Space heating and water heating dom—-
inate the residential energy demand and hence most initial conservation
programs have focused on lowering those usages, especially in existing
buildings. It should be of great interest to policy-makers, homeowners,
utilities, and contractors to learn what fraction of residential energy
use can be saved by retrofit measures, and at what dollar cost. This
study presents an initial data base of actual energy savings from

retrofitted residences.

One objective of BECA-B is to better understand the technical per-
formance of residential retrofit measures and to evaluate their relative
cost-effectiveness. Another goal is to examine the range of conserva-

tion savings and costs in order to identify technical, institutional, or



programmatic factors associated with high or low levels of performance.
The optimum level of conservation investments needs to be determined for
the variety of conditions in the residential sector. Energy engineering
estimation techniques can also be evaluated by comparing actual energy
savings with predicted levels. Finally, we hope to encourage the
exchange of documented conservation results and to help establish widely

accepted standards for the collection and analysis of such data.

BRIEF DESCRIPTION OF DATA SOURCES AND METHODOLOGY

In this section we briefly present some of the characteristics of
our data base, which is composed of almost 70 retrofit projects along
with 25 control groups. We also discuss aspects of the methodological

approach used in our compilation and analysis.

Data Sources

Classifying our data sources by fuel type, we find that a majority
of them use natural gas (39 ouf of 68) with "mixed," fuel types, elec-
tricity, and oil following in that order. The relatively small number
(only 6) of oil-heat retrofits reflects our lack of extensive data from
the northeast section of the country. We also need more data from the
southwest U.S. and California. This last statement is partially based
on an examination of the number of heating degree days (HDD) for our 68
data sources: only 6 have less than 4000 HDD65, 34 (50%) have HDD's in

the range of 4000 to 5000, and the other 28 have more than 5000 HDD's.

The bulk of our retrofit data represent either research-type studies

(e.g., Princeton, NBS, LBL, etc.) or government-sponsored programs



(especially low-income weatherization). We 1list results from 11
utility-sponsored programs but have only 4 entries from private-sector
firms. The sample size within a particular project 1s usually fewef
than 20 homes (true for 43 of 68 projects), reflecting relatively small
but carefully monitored research and govermnment studies. We have 11
projects with sample sizes of larger than 100 homes, of which 7 are

utility-sponsored.

Floor area data were available from roughly two-thirds of our data
sources., Almost one~half of those data points lie in the 1000-1500 ft2
range,typical of the existing stock. For those homes with known floor
area, we calculated a thermal fuel integrity value expressed in units of
Btu/ftz—DD. We found that prior to retrofit a large majority of the
homes had integrities greater than 12.7 - 15 Btu/ftz-DD, which 1is about
the U.S. average for single-family dwellings. This 1s an expected

result since one would expect that the majority of homes being retrofit-

ted would initially be energy-inefficient.

The average amount of money spent on conservation measures ranged
from $213 to nearly $14,000 per home (expressed in “81$), reflecting
the diversity in the number and types of measures carried out. The
median cost of retrofits in our data base was $1082. Most of the pro-
jects were directed towards more efficient space heating, but 14 of them
(out of 68) 1involved efforts to reduce both space and water heating
consumption. The most popular retrofit measure was insulation (occur-
ring in almost 80% of the projects) but caulking and weatherstripping,
storm windows, and reduction of infiltration losses (located using

blower door pressurization techniques) also appeared frequently (Col 1.



Table 1).

Methodology

The two major adjustments to the data that concerned us were isola-
tion of the space heating portion of the fuel bill (by subtraction of
the baseload usage) and normalizing energy use before and after retrofit
to a "standard" heating season (by scaling actual HDD's to the 30-year
mean value for that location). We did not account for any possible
changes in the amount of ™"free" heat (e.g., solar gains, appliance
usage, etc.) nor for any changes in occupant behavior or management
(e.g., thermostat setfings). The assumption of no change in occupants’
comfort levels or management of heating systems and appliances 1is an
important limitation in our present data and conclusions, cne which we
hope to remedy in future analyses. Ilowever, where there was a known
change 1n occupants the home was eliminated from the data set. In some

cases we also had to estimate the equivalent contractor cost of the

retrofit.

Control groups were used in many of the retrofit projects, particu-
larly for the research-type studies. We list control group energy sav-
ings in Table 1, but most of our scatter plots reflect gross rather than
net energy savings for each data point. Figure 4 is the one exception
to this practice. In this case, we have subtracted energy savings by the
control group from those achieved by the retrofit group, to suggest the

net savings induced by participation in the conservation program.

Some of our sample homes are heated by fuel, others by electricity.

We would like to evaluate energy savings on a comparable economlic basis



regardless of fuel type. Hence we convert electricity usage to resource
energy using the conversion factor 11,500 Btu per kWh. (In resource

energy units, electricity and fuel costs are roughly comparable.}

The basic investment framework for conservation measures involves an
outlay of capital today resulting in future reductions in energy use and
dollar savings. These investments can be evaluated using a variety of
economic analysis tools. In our study, we use two simple measures, cost
of conserved energy (CCE) and simple payback time. Both have the advan-
tage of avolding the need to guess future energy prices but both are
conservative indices of cost-effectiveness if energy prices are expected
to increase faster than general inflation.k We use three different capi-
tal recovery rates (CRR) in our calculations (Table 1, Col. MI-M3) but
our plots in Figures 1-8 reflect only the middle value (CRR=.110), based
on 7% real interest rate for 15 year lifetime. All of our CCE values
are expressed in 1981 constant dollars; we have converted all original

retrofit costs into 1981 dollars using the GNP Implicit Price Deflators.

DATA IN TABLE 1

Table 1 has 94 samples, consisting of 69 retrofit projects and 25
control groups (whose labels end with an A for active controls and B for
blind controls). Columns A through K2 (plus L) are input data, of which
the most important are annual energy use (Cols. Kl and K2) and retrofit
cost (Col. L). Columns ¥3 and K& plus M through R contain derived
results: Energy Savings, Cost of Conserved Energy, Simple Payback Time,

Fuel Intensity, and Thermal (Fuel) Integrity.



The 94 samples are ordered by type of fuel used, 1in the sequence
Gas, 011, Mixed, and electricity. "Mixed" means that within a sample of

homes, more than one fuel was used.

Note that a typical scatter plot has between 55-65 points, not 94.
This occurs because we have excluded the 25 active and blind control

groups and because, on several plots, a few points overflow the scales.

RESULTS

The results of this data compilation and analysis are discussed with
reference to Figures 1 through 8. The discussion covers energy savings,
subtraction of control group savings, simple payback periods, cost of

conserved energy, and actual vs. predicted savings.

Energy Savings

Figure 1 shows the annual resource energy savings plotted against
the contractor cost of the retrofit. The data show the expected overall
trend of increased energy savings for larger values of retrofit costs,
but there is a lot of scatter. For retrofit costs equal to or less than
$2000, annual savings varies up to a factor of seven. The sloping
reference lines represent prices of purchased energy. A conservation
retrofit is cost-effective if its plotted point 1lies above the price
line for the appropriate fuel. We see that a sizeable majority of the
retrofits are cost-effective. The median value of energy savings is 28

MBtu; the median cost is $1082.



As noted, there is a large range in the energy savings and cost
effectiveness of the retrofit projects. Although more work is needed to
identify the factors associated with the highly successful and the not-
so~successful projects, we note a few important factors in the following
discussion. The data point labeled O0A2.1 represents the Page Homes
retrofit, a 1950"s-style multi-family public housing complex in New Jer-
sey that was retrofitted with a microcomputer-based boiler control sys-
tem. The results were a noteworthy b50% energy savings (about 48
MBtu/year saved per apartment) after an investment of about $250 per
apartment. Besides the fact that initially the apartment complex was an
"energy guzzler,"with daytime inside temperatures averaging 82°F, this
successful retrofit suggests that substantial savings may be possible by
installing better heating control systems, even without changes to the

building shell, in some large multi-family apartment buildings.

The data points labeled El.l, El.2, and E6 represent conservation
programs (mainly insulation) by TVA in the Southeast U.S5. and Puget
Power in the state of Washington. The energy savings are comparatively
large (70-80 MBtu/yr per home) for the retrofit cost of $600-$1300.
Both geographical regions represent locations which have historically
enjoyed cheap hydroelectricity and for which there is considerable

potential for buildings energy savings.

An example of a project with relatively poor results is the DOE

t

\
Low-Income Weatherization Program in Minnesota, plotted as data points

M10.1 and M10.3. Energy savings of only 7-11 MBtu/yr were achieved for

retrofits estimated to cost $1000-1100. Since "free'" CETA labor was

used to install the retrofits, it is not certain whether poor workman-



ship or our possible overestimate of equivalent contractor costs is

mainly responsible for the poor benefit-cost ratio.

Points M2 and Gl5 also represent low-income weatherization experi-
ments, conducted in this case by the CSA/NBS Demonstration Program. The
overall 12-city experiment achieved 31% annual energy savings, with
retrofit measures, in the aggregate, proving to be cost-effective. How-
ever at several of the sites (e.g., Atlanta M2 and St. Louis Gl5) there
were problems with the quality of the retrofit work and the data collec—
tion procedures, along with the fallure to imstall the most effective
retrofit options. Those points ghow annual savings of only l4-17 MBtu

for investments of $1400-2000, and are not cost—effective.

In Fig. 2, the results are replotted in terms of percent energy sav-—
ings versus contractor costs. The spread in results narrows slightly
from Fig. 1. The curved line is based on a simple '"eye-ball" fit and
reflects a crude law of diminishing returns with increasing investment.
The data suggest that a $1000 investment 1in conservation retrofits
will, on the average, reduce a house’s heating energy consumption by
25%; a 52000 investment will reduce consumption by roughly 40%. 1In Fig.
3, a histogram of the retrofit results expressed in percent fuel savings

is presented. The median value of energy savings 1s found to be 22%.

Subtraction of Control Group Savings

Figure 4 illustrates the reduction in "program-induced" energy sav-
ings {if control group savings are subtracted. For example, data point
E5.1 shows the measured savings, 48 MBtu (resource units), from Seattle

City Light’s Residential Insulation Program. During the same period,



average consumption per household decreased by 13% in the blind control
group. Hence we show an arrow reducing the initial point E5.1 by 13% of
the pre-retrofit usage or by 25.8 MBtu. Thus the energy savings attri-
butable to the utility’s conservation program are 22.2 resource energy
MBtu or 1930 kWh per household. Similar subtractions are shown in Fig.

4 for nine other data points.

On the average (equal weighting for each site), the 14 active con-
trol groups in our study decreased their annual energy usage by 13.6
MBtu or 9.5 percent. Consumption also dropped approximately 9 percent in
the 10 blind control groups, reflecting consumer response to higher fuel
prices. In both cases, these changes probably indicate some combination
of "independently"~installed retrofit measures, more energy-efficient
operation of the home or appliances, and possibly reduced levels of

occupant comfort.

Simple Payback Periods

Figure 5 shows the distribution of simple payback periods for the
retrofit projects in our compilation. The median payback time is 7.9
years. A factor that partially accounts for the relatively high median
value 1s the large number of research and demonstration projects in our
data base. In research or demonstration studies, retrofit costs are
often not the primary consideration. Consistent with this point is the
lower median payback time of 5.7 years for conservation programs spon-
sored by utilities and private firms, where the cost-effectiveness of

the individual retrofit measures are usually taken into account.
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Cost of Conserved Energy

The relationship between the contractor cost for the retrofits and
the cost of conserved energy is shown in Fig. 6. Reference prices of
purchased electricity, gas, and o0il are drawn as horizontal 1lines
against which conservation retrofits for each fuel type can be compared.
Including points that overflow the plotted axes, we find the following
results: 722 (28 of 39) of the gas-heat projects have a cost of con-
served energy below the reference gas price of 50c/therm; 82% (9 of 11)
of the all-electric homes saved heating energy more cheaply than the
electricity price of 5c/kWh; and 80% (4 of 5) of the oil-heat retrofits

lie below the fuel oil price of $1.25/gal.

We observe that, for the homes in our data base, as long as a
homeowner keeps his investment below $2500, he is almost sure to con-
serve energy at less than §$5/MBtu, a result found in 46 of the 58 sam-
ples. Seven less successful retrofits invested between $500 and $2000
but had cost of conserved energy values ranging from $5.50 to §9/MBtu.
For the six data sources with retrofit costs between $2500 and $4400,
only one has a CCE of less than $5/MBtu; the other five CCE’s ranged
from $5-7/MBtu. The six least successful projects had CCE’s from $11-
16/MBtu, and are not shown in this figure as they overflowed the verti-
cal scale. Fig. 6 also depicts the cost-effectiveness of "house doctor-
ing" as 1is evidenced by the cluster of 7 gas-heat data points (from
Princeton’s Modular Retrofit Experiment) with cost of conserved energy

values between $1-2/MBtu and retrofit costs of only $350.

Figure 7 shows the distribution of cost of conserved energy for the

sample. The median cost of conserved energy is $3.80/MBtu (38c/therm).

-11-



The median CCE for electrically-heated homes is 3.1c/kWh {or
$2.70/MBtu). We are also interested in possible explanations for the
wide spread in CCE values. In Fig. 8 we test the hypothesis that there
is a correlation between high original fuel intensity and low cost of
conserved energy values. Homes that had high pre-retrofit fuel inten-
sity values (i.e., had '"leaky" thermal shells or are located in cold
climates or a combination of the two factors) might be considered likely
candidates for cost-effective retrofits. Despite the plausibility of
this hypothesis, our plotted points show a lot of scatter and do not
validate the correlation. At any of the plotted original fuel intensity
values, the cost of conserved energy ranges from less than §1/MBtu to

approximately $7/MBtu.

In this survey, the reporting of results by data sources 1is too
aggregated to permit ordering individual options by return on invest-
ment. In cases where results can be disaggregated based on submetering,
the data suggests that the most cost-effective sequence of retrofits
includes attic insulation and measures that are part of the
Princeton/LBL '"house doctor" infiltration reduction program. At this
time, our data indicate a high correlation between low retrofit costs

and cost=effective CCE values.

Actual Savings vs. Predicted Savings

Millions of energy audits have been performed in U.S. residences for
the purpose of estimating retrofit costs and savings to help guide
homeowners’ decislons on conservation investments. Comparison of actual

vs. pre&icted savings is an important consideration in the evaluation of

-12-



conservation programs —— an area In which 1little systematic work has
been done. At present, we have limited data on this subject as shown in

the following table.

Table 2. Comparison of Actual vs. Predicted Energy Savings
Label Sponsor Actual Savings Predicted Savings
Gi NBS 59% 52%
M8.1 CSA/NBS Composite 31z 407
E2 TVA 227% 25%
E4 Paclfic Power and Light 207 23%
Eé6 Puget Power 35% 264
E7 Portland General Electric 322 33%
EB.1 BPA/LBL 97 4%
E8.2 BPA/LBL 16% 254
E8.3 BPA/LBL 42% 36%

In over one~half of the above cases, actual savings fall slightly
short of predictions. In our files, we have collected pre-retrofit
predictions of savings on many new conservation programs. When these
projects finally report their post-retrofit consumption, we hope to have

enough data to permit further quantitative analysis of this subject.

CONCLUSIONS

Results from this study indicate that a conservation investment of
$1000 will, on the average, reduce a house’s space heating consumption
by 25 percent while a $2000 investment will decrease usage by approxi-
mately 40 percent. The median value of energy savings for this data

compilation is 22 percent.

-]13~-



Preliminary results reveal that attic insulation, sealing bypass and
infiltration losses by pressurization techniques, and wrapping hot water
heaters with an insulating blanket are very cost-effective retrofit

measures.

Even though the data compilation contains a wide variation in the
types of homes, the types of fuels, the locations and the types of
retrofits, the overall results from aggregating thousands of individual
cases show an attractive cost of conserved energy for residential retro-
fits. The median cost of conserved energy for our data points 1s an
attractive $3.80/MBtu, comfortably 1less than the average 1981 cost to
residential customers for natural gas ($4.50/MBtu) and for fuel oil
($8.70/MBtu). In fact, 27 of the 39 gas-heat points fall below the
natural gas price of $4.50/MBtu and & of the 5 oil-heat points fall
below the $8.70/MBtu price for heating oil. Of the 11 electric heat data
points, 10 of them show a cost of conserved electricity of less than

6.2c/kWh, the 1981 average price.

Qur present version of BECA-B does not incorporate control group
adjustments in the evaluation of cost-effectiveness of retrofit pro-
jects. First, control groups were not used in many of the projects;
hence calculating net energy savings relative to a control group could
not be uniformly implemented for the entire data compilation. Second,
the present generation of control group data 1s not sufficiently
detailed to enable us to separate energy savings into its principal com-
ponents: savings due to improvements in the building’s thermal shell and
savings due to occupant management and adjustment of comfort levels.

One goal for future editions of BECA-B is to make an accurate separation

-1l



of these components. We solicit and encourage your help in this effort.

The absence of data on multi-family units and on the durability of
energy savings from retrofits are worth noting. Thus, future additions
to the BECA-B data base will emphasize wmulti-family retrofit projects
and multi-year data on energy savings. We are also interested in
obtaining more data on the results of low cost/no cost programs and from
"failed" retrofit programs. This will allow us to describe the factors
that account for successful and "failed" programs ad better explain the

variation in predicted vs. actual energy savings.

Finally, we express the hope that as a result of this paper, poten-
tial contributors will contact us to begin sharing data, so that we can

greatly increase the scope and accuracy of this compilation.
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Fig. 1. Annual resource energy savings vs. Contractor cost. Annual
savings, in resource energy, after retrofit are plotted against the con-
tractor cost of retrofits for 65 data sources. The sloping reference
lines represent the boundary of cost-effectiveness for typical residen-
tial energy prices. Since conservation investments are typically 'one~
time,"” the future stream of energy purchases for 15 years is converted
to a single present value, assuming a 7% real discount rate. The con-
servation retrofit is cost-effective if the data point lies above the
purchased energy line for that fuel. 1In most cases the plotted savings
apply to space heat only, except for 14 samples which addressed both hot
water and heating (shown in Table 1, Col. J as H,W). 1In those l4 cases,
we plot the combined H + W savings. Electricity is measured in resource
units of 11,500 Btu per kWh sold.
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Fig. 2. Percent energy savings vs. Contractor cost for 65 entries in
Table 1. The curved line 1is an "eye-ball" fit of the data, suggesting
approximate energy savings of 252 for $1000 and 40% for a $2000 conser-
vation investment.
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Fig. 3. Histogram of the energy savings data shown in Figure

median energy savings is 22%.
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Fig. 4. This figure shows the reduction 1in "program-induced" savings
when control group energy savings are subtracted. The scatter plot
illustrates the reduction in savings (drawn from the initial data point
by an arrow) for 10 of 24 samples that employed a control group. The
points not included either overlap those shown or were active control
groups from the individual cities in the CSA/NBS Demonstration Program

(whose results are aggregated in M 8.1A).
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Fig. 5. Histogram of the simple payback time distribution of the data.
For 68 studies, the median payback time is 7.9 years. Results for
utility-sponsored programs and private firms are shown in the shaded
area, Utility and privately-sponsored conservation programs had a
median payback time of 5.7 years.
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Fig. 6. The scatter plot shows the relationship between the cost of
conserved energy and the contractor cost for the measures. The cost of
conserved energy equals the ratio, total investment over annual savings,
multiplied by the capital recovery factor (.ll, assuming a 7% real
discount rate and 15-year amortization period). The horizontal lines
represent prices of purchased energy against which conservation retro-
fits should be compared. Of the 58 sources, 46 invested less than 52500
per home, and obtained CCE‘s of less than $5/MBtu. The 7 gas data
points clustered between $1-2/MBtu represent the results of the Prince-
ton house~doctoring experiments. Electricity is measured in resource

units of 11,500 Btu per kWh sold.
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Fig. 7. Histogram of the distribution of cost of conserved energy (CCE)
for the sample. CCE values for electrically heated homes (converted to
MBtu at 11,500 Btu/l kWh) are shown in shaded area with a median of

3.1¢/kWh (or $2.70/MBtu).
Overall, the 69 entries obtained a median cost of conserved energy of

$3.80/MBtu (38¢/therm).
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Fig. 8. Cost of conserved energy (CCE) vs. Original fuel intensity.
The 41 data points are drawn from Table 1 samples that included average
square footage data. There is no correlation observed between houses
with high pre-retrofit fuel intensity ("leaky" thermal shells) and low
CCE values. The CCE is amortized over 15 years at a real interest rate
of 7%. In this plot, as throughout the paper, electricity is measured
in resource units of 11,500 Btu per kWh sold. The horizontal lines
represent various prices of purchased energy.
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