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ABSTRACT

The Buildings Energy Data Group at Lawrence Berkeley Laboratory com-
piles and analyzes data on the monitored energy savings and cost-
effectiveness of conservation and solar measures in buildings. This
paper summarizes results to date from the residential portion of our
Building Energy Use Compilation and Analysis (BECA) project, comprising
findings from several hundred studies of new and retrofitted buildings.
We believe that an ongoing data base developed from measured consumption
data can help improve energy auditor recommendations, stimulate better
energy-efficient design and construction practices, assist homeowner
investment decisions, and guide the efficient allocation of utility and
government dollars.

For both new and retrofitted homes we discuss: 1) energy savings and
the range of savings for given types of measures; 2) cost and cost-
effectiveness of various measures; and 3) methodology. In existing
residences, data compiled from roughly 70 retrofit projects, with sample
sizes that range from 1 to 33,000 homes, strongly indicate that retro-
fits often significantly reduce annual space heating energy consumption.
But, results are highly variable. The maximum energy savings from indi-
vidual measures installed 1in different households are 3 to 7 times
greater than the median value, Nineteen conservation programs sponsored
by utilities achieved annual space heat savings of 38.5 million Btu at
an average investment level of $1050. Twenty-nine of 215 new homes 1in
our BECA-A database have detailed sub-metered data that permits normali-
zation of space heat loads for both indoor temperature and internal
gains, In these homes, the "standardized" heating energy requirement
ranges from 10 to 25 kBtu/ft2 over various climatic regions, a value
that is roughly 50 percent less than current building practice.

*This work was supported by the Assistant Secretary for Conservation and
Renewable Energy, Office of Building Energy Research and Development,
Buildings Systems Division of the U.S. Department of Energy under Con~
tract No. DE~AC03-~76SF00098,
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1. INTRODUCTION

For a homeowner deciding whether to invest $600 in attlc insulation
or a utility planner deciding whether to invest $6 million in a conser-
vation program, the bottom line is the actual energy savings which will
result. The Building Energy Use Compilation and Analysis (BECA) project
is an ongoing effort to compile databases on measured energy consumption
in actual buildings.[l] We seek to provide a consistent framework in
which to compare results from a variety of projects, to identify conser-
vation techniques and measures that work in practice, and identify which
of the many varlables affecting building energy use are important
sources of varlation among projects and/or significantly affect the
actual energy savings a particular investor can expect to achieve.

In this paper we summarize the results from our two residential
databases. For BECA-B, the database covering the retrofit of existing
buildings, we briefly describe our methodological approach and focus on
recent vresults from 47 retrofit projects (representing over 40,000
single-family homes) and 26 large multi-family apartment buildings.
Results from BECA-A, low=energy new buildings, are presented only
briefly since they are available elsewhere.[2] Rather, we concentrate on
several methodological issues; specifically, the importance of correct-
ing measured data for variations in lifestyles of the occupants and in

geographic location.

Using measured consumption data is a useful beginning point in the
procesgs of wunderstanding changes over time in household energy use.
More detailed information on key physical parameters of buildings in
addition to incorporation of behavioral determinants of household energy
use is necessary in order to gain a deeper understanding of wvariations
in energy savings among households.

2. RETROFIT OF EXISTING RESIDENTIAL BUILDINGS : BECA-B

2.1 Data Sources and Methodology

We obtained data on the retrofit of residential buildings mainly
from evaluation studies of conservation programs and demonstration pro-
jects. Additional data comes from utilities, firms providing building
energy services, public housing authorities, and state energy offices.
Information entered in the database includes: building type and physical
characteristics, project sponsor, sample size, retrofit description and
cost, annual energy consumption by fuel type before and after retrofit,
local weather and energy prices. We enter the data in a uniform format
to permit standardized analysis. In some cases, this requires adjust-
ment of several key variables (e.g., energy consumption, retrofit cost),

The two major adjustments to the consumption data are:

o isolation of the space heating portion of the fuel bill by
subtracting an estimated baseload usage

o correction of actual consumption data for the varying severity of
winter in different years by normalizing pre-and-post retrofit



energy use to a 'standard" heating season.

We make the implicit assumption that observed pre~/post retrofit
changes 1In energy use are caused by the retrofit though we recognize
that other factors (i.e., life-style of residents, change in the number
and age distribution of occupants) are also significant variables. In
most cases, we do not have sufficient information to account for possi-
ble changes in the amount of ‘free’ heat (e.g. solar gains, appliance
usage) nor changes in occupants’ comfort levels or management of heating
systems or appliances. However, we eliminate homes from the data set
where there is a known change of occupants.

i

Original retrofit costs are converted into 1983 dollars using the
GNP Implicit Price Deflators. In some instances (e.g., in the DOE Low-
Income Weatherization Program where only material costs are known), we
estimate an equivalent contractor cost.

Given the variety of data sources, the compilation is a ‘mixed hag’:

o monitored individual homes and randomly selected groups of many
hundred homes

o elaborate research projects and large~scale utility audit/loan
programs

o single-family residences and thousand unit public housing complexes

o middle-income families and poverty households.

We divide the data sources into more homogeneous sub-groups having simi-
lar structural, demographic, and usage characteristics to permit a more
consistent and useful treatment of results. These include:

weatherization programs directed at low-income single-family houses
utility-sponsored conservation programs

research studies and demonstration programs

retrofit efforts in large multi-unit apartment bufldings.

[= 2 = B+ I+

Low-income weatherization programs. Results from the retrofit of
low-income homes come from several sources: the CSA/NBS Weatherization
Demonstration Research Project, the DOE Low-income Weatherization Pro-
gram, and several pilot projects funded by the Low=Income Energy Assis-
tance Program that retrofitted oil-fired heating systems.

Utility-sponsored conmservation programs. These programs typically
represent large-scale efforts involving the retrofit of thousands of
homes. Several early utility programs targeted high energy consumers or
low-income households. Although recent initiatives are directed at all
residentlal customers, they typically reach single~family, middle-~income
homeowners who 1live in structurally sound homes. Most of the earlier
programs financed either the installation of attic insulation or low
cost/no cost measures (e.g. the insulation of water heaters) whereas
later programs offered a large package of measures to eligible house-
holds. It is extremely difficult to assess the impact of individual
measures because data from utility-sponsored programs are only ‘available
on an aggregate basis.




Regearch studies. Research projects often test innovative retrofit
measures or strategies, although cost is usually not a dominant con-
sideration. Sample size tends to be small (fewer than 20 homes) and a
control group is employed as part of the experimental design. Often, the
effect of occupant behavior on a building’s energy performance 1is
accounted for explicitly. Research projects generally make extensive
analysis of the consumption data, including sub-metering of specific end
uses.

Multi-unit retrofits., All of the large multi-family buildings
currently in the BECA-B data base are located in the northeastern or
midwestern portion of the United States. The inhabitants are almost all
renters and often low-income. For example, 50% of the buildings are in
public housing projects. We have several cases of retrofits performed
by energy service companies who contract with building owners to manage
building energy systems. They provide an agreed-on level of service
(i.e. thermal comfort), with the benefit of conservation investments, at
a price no greater than existing energy bills.,

2.2 Results

Table I surmarizes the data for utility-sponsored and low-income
conservation programs. The installed first-cost of conservation meas-
ures per building ranges from $296 to nearly $4000, reflecting the
diversity 1in the number and types of measures in our sample. The most
frequent retrofit measure is attic insulation (IA). Other frequently
installed measures include caulking and weatherstripping (CW), storm
windows or double glazing (WM), insulation of walls and floors (IW &
IF), and retrofits to the heating system (HS: equipment modification and
replacement).

Annual space heat energy savings as a function of the contractor
cost of the retrofit are shown in Figure 1 identified by type of pro-
ject. At any given investment level, there is substantial variation in
savings (e.g., savings differ by a factor of 5 for an investment of
$2400). The sloping reference lines represent the boundaries of cost-
effectiveness for typlcal residential electricity and fuel prices.
Seventy-four percent of the points lie above their respective reference
price lines and hence are cost-effective compared to these fuel prices.

Participants in utility-sponsored conservation programs achieved
average annual space heat savings of 38.5 million Btu (MBtu) while low-
income residents reduced their annual consumption by 35.9 MBtu. The
standard deviation of each group is 19.4 and 24.8 MBtu, respectively.
The CSA/NBS Optimal Weatherization Demonstration Program achieved space
heating energy savings of 317% in the 12 cities. Analysis of individual
house data from the program reveals that homes that received retrofit
measures designed to reduce building shell conduction and infiltratien
heat loss saved 23.1 MBtu per year and spent an average of $1700, while
homes that installed heating system retrofits in addition to the ‘shell’
measures reduced their annual consumption by 63 MBtu at a cost of $2380.
Hence, heating system retrofits installed in conjunction with ‘shell’
retrofits were more cost—effective.



Annual resource energy savings from 26 multi-unit apartment build-
ings are shown in Figure 2. Greater savings per dollar invested are
achieved in multi-unit ©buildings that installed computerized energy
management control systems (e.g., data point 02.1) or such measures as
furnace de-rating and tuning, burner replacement, and addition of tem-
perature control setbacks to the existing heating system (e.g., all
gas—heated buildings).

Figure 3 illustrates the wide range of fuel and electric savings
among homes that either installed the same conservation measure or par-
ticipated in the same retrofit program. The site label, number of homes,
and description of the measure or package of measures installed is
included below each distribution.

It is Iinstructive to consider one sample (Site Label = Gl12.1) in
Fig. 3 in some detail, since this subset is indicative of the variation
in savings that can occur among households in which the same measure is
installed. Pacific Gas & Electric analyzed annual space heat savings
for 32 single-family homes In Bakersfield, Ca., where contractors
installed R-19 attic 1insulation in previously uninsulated attics.
Median savings are 10.2 MBtu, but 50 percent of the homes saved less 4
MBtu or more than 17.8 MBtu. One house achleved savings of 68 MBtu (the
maximum) while four households experienced increases 1in space heating
usage in the heating season following the retrofit. How do we explain
this ten-fold variation in savings? Possibly, the large variation is
partly attributable to the area’s mild climate (i.e. the long term nor-
mal heating degree-day value is 2185); the effects of occupant behavior,
particularly indoor temperature preferences, become more pronounced.
Yet, similar levels of wvariation in savings among households are
observed in more severe climates (e.g., Site Label G30), though our sam-
ple is quite limited. Unfortunately, data on changes in indoor thermos-
tat settings are unavailable as 1s information on conditioned living
space (e.g., floor area). We know little about the houses or their

cccupants.,

Maximum energy savings from individual measures installed 1in dif-
ferent households are 3 to 7 times greater than the median. For packages
of measures installed in either utility-sponsored conservation programs
(E9) or in retrofit projects aimed at low—income households (M8), max=-
imum savings are 8 to 10 times greater than the median. The large range
in savings indicates the need for more detailed and accurate information
on key variables affecting energy consumption. It would be useful tao
know conditioned floor area, temperature settings, changes in occupant
behavior, and use of secondary heating sources. This 1is expensive
information to obtain, yet it would allow conservation researchers to
better assess the effectiveness of retrofit measures and programs.

3. NEW HOMES: BECA-A




3.1 Data Sources and Methodology

3,1.1 Data Sources.

Energy performance in new homes must be analyzed differently than
performance of retrofitted homes. Unlike retrofitted homes, there is no
"before" and "after" levels of performance from which to calculate
energy savings. The costs of conservation features are alsc more diffi-
cult to calculate, because it is hard to isclate the additional invest-
ment in conservation measures from other elements of construction cost.
In addition, variations in the lifestyles of homeowners are more signi-
ficant in low—energy new homes. Interpreting measured performance of new
buildings therefore requires more detailed data than for retrofitted
homes. For this reason, we include only houses with submetered heating
energy measurements, and focus our analysis on those homes with measured
indoor temperatures and appliance use.

Given these data requirements, our sample 1is composed largely of
houses bullt and monitored as part of research or demonstration pro-
Jects. Almost all are single-family dwellings. We intend to expand our
coverage of buildings and types of projects, beginning with an effort to
analyze sub—divisions of non-submetered, energy-efficient houses, where
the data for each house are less detailed, but the number of similar
houses is greater and the distribution of occupancy patterns more "typi-
cal” than in research houses,

3.1.2 Methodology

Normalizing for Variations in Indoor Temperature and Internal Gains.
The effects of lifestyle varlations on energy use are more acute in new
than in retrofitted homes. A greater fraction of a low-energy home’s
heat demand can be met by internal gains. For many of the houses in the
BECA~A database, internal gains supply more than half of the heat
requirement, It would be a serious error to compare them without
correcting for differences in internal gains because in these homes the
annual internal gains vary from 15-60 MBtu (compared to typical heating
requirements of S50 MBtu/year).

We correct measured energy use for variations in indoor temperatures
and, for those well~-documented homes, we adjust for differences in
internal gains. The correction is based on the following equation
describing the heat balance of a house (a more detailed discussion may
be found in Ribot et al.):

Q ==k(Tin—'1‘

aux out? = Unt " olar

where
Qaux = heat supplied by the heating system
k"'="an effective heat loss coefficient for the house, determined by
regression using actual Qaux and Tout
Tin = indoor temperature
out = outdoor temperature
Qint = internal gains

Qsolar = golar gains



We choose a standard indoor temperature and internal gain, Using
measured values of heating energy and temperature, we find the coeffi-
clent "k" by regression, substituting in the equation our standard
indoor temperature and internal gain to find a Qaux corrected for varia-
tions in these occupant-dependent quantities. Put another way, we are
calculating the heating use each house would require if it were operated
with the same indoor temperature and internal gains.

Baseline. It is more difficult to define a baseline to which energy
efficient new homes can be compared, since it is unusual to find sets of
houses which are identical except that some have additional conservation
features. Therefore, we select several "benchmark" levels of building
energy performance to serve as standard comparison points, They are:

o average annual heating use by gas heated houses in the existing U,S.
stock
0o average annual heating use in typical new houses as described in a
survey by the National Association of Homebuilders
0 average annual heating use for homes built according to the Building
Energy Performance Guidelines
All are expressed as energy per unit floor area.

Details of the heating energy use calculations for each benchmark
may be found in Ingersoll, et al., 1983. [3] It is wuseful to briefly
describe these data sources and the analysis in order to understand the
limitations of each and to illustrate the general problem of defining a
baseline for new building energy performance.

When the baseline definition work began, the only detailed, randomly
sampled national survey of the energy use and construction characteris-
tics of existing U.S. houses was the National Interim Energy Consumption
Survey (NIECS).{4] Even this dataset suffers from severe limitations:
utility bills are collected for only half of the surveyed houses; floor
area 1s guessed or estimated by homeowners rather than measured; heated
floor area is poorly definmed; thermostat settings and internal gains are
not measured, We therefore use the survey only for estimating heating
use 1in existing houses; the data quality problems, small sample slze,
and effort required to "clean up" the data for new houses dissuaded us
from using it to estimate space heat use in new houses. Our estimates
for existing homes are based on a cohort analysis of the NIECS data by

Meyers. [5]

For new homes we use building descriptions of typical new houses
from the National Association of Homebuilders 1979 survey of its
members’ construction practices.[6]) This survey is not a random sample
of all new houses; rather, it represents the building practices in typi~
cal houses of those builders that responded to the survey. The survey
does mnot collect actual energy use, hence, we simulated the buildings’
performance on DOE-2 with the average NAHB characteristics in several
cities. In the simulation, we used the same indoor temperatures and
internal gains used in normalizing the performance of homes in the
BECA-A database.



This approach offers a modest advantage over using measured energy
use in that we can compare the performance of houses in the BECA-A data-
base (when normalized to standard indoor temperatures and internal
gains) directly to the calculated NAHB benchmark space heating use. It
has the much more serious disadvantage that the simulation of the NAHB
hougse 1is subject to input errors, errors in algorithms, and the fact
that "on-site" construction practices are not always equivalent to
specifications at the design stage. The Bulldings Energy Performance
Guideline benchmark are also DOE-2 simulatfions, These three benchmarks
appear as reference lines in Fig 4.

Cross—-climate Comparisons. The BECA-A database 1includes homes in
climates varying from San Diego to Saskatchewan. Obviously, one cannot
compare fairly the performance of homes in these two locations without
some correction for the differences in severity of climate. A simple
correction is to divide the energy use of houses by thelr respective
heating degree-days. Such a procedure may be acceptable for conven-
tional houses in cold climates, where the main driving force of heat
demand 1s the difference between inside and outside temperature, and
where the balance point does not vary far from 65°F, But, for wvery
efficient houses and/or mild climates, the results will be misleading
for the following reasons.

First, the houses in BECA-A have balance points far below 65°F; as
low as 47°F. 1If the energy use of such a house 1s divided by the heat~-
ing degree-days calculated using the actual balance point, we fail to
glve credit for operation far below the conventional balance point.
Dividing the energy use of all houses by the base 65°F degree-days for
their respective locations makes the houses with low balance points
appear better (as they should). However, we Introduce a large bilas
against houses 1in some climates. Two locations with the same heating
degree days, calculated (for example) to base 65°F, can have a very dif-
ferent number of degree days calculated to base 50°F when the distribu-
tion of degree-days differs. Homes with low balance points will perform
very differently in the two locations, even 1f they are otherwise ident-
ical; the difference in space heat use can be as large as 70% for the
Pacific vs. the Atlantic coast, and easily on the order of 107 between
the Midwest and the Atlantic coast. In this paper, we restrict com-
parisons to a regional basis. We present plots of building energy use
vs, degree-days strictly as a climate index and caution the reader
against taking comparisons too literally.

In addition, there are variations in climate that are not captured
by degree days (solar and wind in particular), but which affect building
energy performance. We are attempting to determine the size of the
effects due to this second set of problems. For example, 1t may be that
certain types of construction, such as earth-sheltered or super-
insulated homes, are relatively insensitive to variations in solar and
wind. Space cooling also poses difficult analytical problems that must

be confronted.



3.2 Results

The building space heat demand (that is, consumption divided by fur-
nace efficiency) for the 29 buildings for which we could correct for
variations in both indoor temperature and internal gains 1s shown in
Figure 4. The plot shows that several construction strategies can pro-
duce houses with lower space heat requirements than the existing stock,
or even lower than typical new construction. In fact, the Bullding
Energy Performance Guidelines can also be met or exceeded by a variety
of construction techniques.

Energy savings versus added cost of conservation for 92 buildings
are presented in Figure 5 (changes in energy are calculated from the
NAHB 1979 benchmark line). Houses that lie above the fuel cost lines
are cost-effective, given the fuel cost and interest rates shown; those
below are not. We also include houses for which we could not normalize
internal gains; we only correct for variations in indoor temperature.
In spite of the small sample size, some trends emerge. Two of the
active solar houses (# 15 and 58) do save energy compared to the NAHB
benchmark yet are not cost-effective because they greatly exceed the
reference electricity price. A number of superinsulated and multi-
strategy new homes (#18, 1, 29, and 3) perform well both in terms of
energy savings and cost.

Given the limited sample, our conclusions are tentative regarding
general cost-effectiveness of different construction types, but the
analysis framework provides the tools to increase our understanding of
"what works" as more houses are added to the database,

4, CONCLUSIONS

Analysis of energy conservation efforts requires attention to many
different variables that affect building energy use. A careful analysis
of occupied buildings can help identify those variables which should be
included in evaluation of energy conservation programs. In this paper
we describe the analysis framework that we use to evaluate a wide
variety of new and retrofitted buildings, point out some of the limita-
tions of the analysis, and present results for several hundred projects
representing thousands of bulldings. Evaluation of the technical per-
formance and cost—-effectiveness of conservation efforts based on meas-
ured energy consumption data 1s an important and useful tool for various
social actors, from a family making decisions about their individual
house to a govermment or utility planner making decisions about
thousands of houses. Without this feedback, architects, builders, and
policymakers cannot d1dentify successful new designs and retrofit stra-

tegies.

We are continuously expanding and revising both of the residential
databases, and invite comments and contributions of new data from

readers.
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Notes to Table 1

LABEL: This is a projects’ 1dentification number. The first letter
indicates the fuel type used for space heating (E = electricity, G =
gas, 0 = o0il, M = mixed, that is within a sample of homes more than one
fuel was used for space heating). The number after the Initial letter is
simply a counting index to label each different retrofit data sample.

NUMBER OF HOMES: The number of homes for which actual consumption data
are analyzed.

LOCATION:
SPONSOR: of the project or program
HDD: the long=-term value of heating degree-days for that location

RETROFIT MEASURES: The retrofits installed. IA: attic insulation; IW:
wall insulation; IF: floor or basement insulation; IX: insulation in
other areas, i.e., crawlspace wall or band joist, or location not speci=-
fied; CW: caulking and weatherstripping; WM: multiple glazing or storm
windows; DR: storm doors; HS: equipment replacement or modification of
the heating system; OM: operation and maintenance actions to the HVAC
system; T: automatic timers or thermostat setbacks (Note: Not all meas-
ures listed were necessarily installed in all of the homes in the sam-
ple, particularly in the case of utility-sponsored programs. In cases
where the information was available from the data source, a measure had
to be installed in at least 20% of the homes to be included.)

ANNUAL SPACE HEAT CONSUMPTION (BEFORE & SAVINGS): The space heating por-
tion of total household energy consumption derived from fuel or electri-
city bills except in those few cases where a specific end use (e.g.
space heating) is sub-metered. Expressed 1in KWh for electric space
heated homes and MBtu for homes heated with various fuels (natural gas,

fuel oil).

COST OF RETROFIT: the installed contractor cost at the time of retrofit
is expressed in constant dollars (1983 $) using the GNP Deflator Index

COST OF CONSERVED ENERGY (CCE): CCE is found by dividing the annualized
cost of the retrofit by the annual energy savings due to the conserva-
tion investment, The first cost is converted to an annual cost by com-
puting a capital recovery rate using a 7% real discount rate and the
estimated useful lifetime for that measure or package of measures. In
Table 1, units for CCE are in cents/KWh for electric homes and $/MBtu

for fuel heated homes.
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Annual space heat energy savings (MBtu)
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Figute 1. Annual space heat energy savings are plotted against the first cost of
tion JInvestment for 47 utility-sponeored and low-income weatherization programs.
heat savings are 36.3 million Btu (MBTU).
savings that wmust be achieved, for each level of investaent,
effective compared to national average residential prices for fuel and electricity, The future
stream of energy purchases for 15 years are converted to a single present value, assuming a 72
real discount rate, in order to compare it with the “one=time" conservation investment.
Roughly, 751 of the data points lie above their respective price line, Electricity is measured
in resource units of 11,500 Btu per kWh sold.

the conserva-
Average space
The sloping refetence lines show the minimum energy
if the retrofit is to be cost—
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Annual resource energy savings (MBtu/unit)
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Figure 2. Annual energy savings are compared to the total cost of the investment for 26 multi-
unit bulldings., The buildings range in size from 5 to 1790 units, but 687 of the sample
represents buildings larger than 50 units, Annual mean savings are 23,4 MBtu, In most cases,
the savings apply to space heat only, except for 5 buildings where the retrofit addressed both
space heat and domestic hot water, In those 5§ cases, we plot the combined savings. Total cost
Includes the first cost for the retrofit plus the present value of the annual estimated opera=
tiona and maintenance cost {assuming a 7% real discount rate and estimated lifetime for each
measure). Electricity 1s measured in resource units of 11,500 Btu per kWh sold.
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