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NOTICE

This report was prepared as an account of work spon-
sored by the United States Govermnment. Neither the United
States Govermment, nor any of its employees, nor any of its
~contractors, subecontractors, or their employees, makes any

warranty, expressed or implied, or assumes any legal lia-
bility or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or pro-
cess disclosed, or represents that its use would not in-
fringe privately-owned rights.
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I. INTROQUCTION

Based on the events of the last several years, including
the 0i1 embargo of 1973-74 and subsequent skyrocketing
energy costs, the United States has become increasingly
concerned with the conservation of energy in all sectors of
national activity. The residential sector has long been
recognized as both a major user of energy - presently com-
prising about 20 percent of the total national energy use,
and a less than efficient user of energy - significant re-
ductions in residential energy use have been deemed plausible
in several studies.

This summary report on residential energy use in eleven
U.S. cities is part of a continuing program devoted to the
analysis of the reduction of residential energy use in the
United States. In initiating this research program in 1971,
the U.S. Department of Housing and Urban Development (HUD)
gave to the contractor, Hittman Associates, Inc., (HAI) the
task of "... identifying means for obtaining greater effi-
eiencies in the utilization of energy in residences, in
order to obtain lower per capita consumption without modifi-
cation of existing life-styles.” The reports published as
a result of this work dealt with the consumption and effi-
cient use of energy in Baltimore/Washington area residences.*

Many researchers and decision makers had the need to
apply the results of these reports to other regions of the
country. In such applications, consideration had to be
given to several geographically-variant factors such as
climate, basic structural design, construction materials,
and available fuels. Thus the need for a detailed geo-
graphical analysis of residential building construction and
energy use was realized.

*See "Residential Energy Conservation (A Summary Report),”
HUD-HAI-8, July 1874, and seven technical reports cited
therein.
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In 1975, HAI was retained by HUD to perform such a
detailed geographical analysis "... to extend the previous
results obtained for the Baltimore/Washington area to ten
geographical locations in the United States."* The loca-
tions selected for this analysis were:

Atlanta, Georgia o
Boston, Massachusetts
Chicago, Illinois

Denver, Colorado

Houston, Texas

Los Angeles, California
Miami, Florida
Minneapolis, Minnesota
San Francisco, California
St. Louis, Missouri

These locations represent diversified climates and
include variations in other factors such as design practices,
energy prices, local income levels, and ethnic backgrounds;
all influencing l1ocal building construction and therefore
heating and cooling energy use. Four of the locations
studied; Boston, Chicago, Denver, and Minneapolis; are
representative of cold regions with 5000 or more heating
degree days. Four other locations; Atlanta, Baltimore, San
Francisco, and St. Louis; are mild regions with 3000 to 5000
heating degree days. The remaining three locations; Los
Angeles, Houston, and Miami; represent regions with dominant
cooling seasons. Weather parameters such as heating and cool-
ing degree days, average wind velocity, and available solar
radiation for the eleven locations are presented in Table I.

The boundaries for each geographical area were defined in
accordance with the Federal Government's definition of standard
metropolitan statistical areas (SMSA's). For each of these
Tocations, it was sought: to identify and quantify the total
heating and coolihg energy requirements in typical single-
family detached, single-family attached (townhouse), low-rise
multifamily, and high-rise multifamily dwellings; and to eval-
uate the use of various technical innovations capable of
reducing energy use in the typical dwellings.

In conducting each of these city-specific studies, the
following multi-step approach was taken.

(] Identify the current trends in construction and
design and the resulting energy use patterns of
residences in each area.

*See '"Regional Residential Energy Consumption," HIT-660-1
through 10, 1876.
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. Define characteristic single-family, townhouse,
low-rise, and high-rise structures representing
typical new buildings in each area.

. Calculate the hourly, monthly, and annual energy
requirements for heating and cooling each char-
acteristic structure for a typical weather year
(the selected weather year for each region is
given in Table I).

. Define improved single-family, townhouse, low-rise,
and high-rise structures incorporating a package of
several energy conserving modifications.

. Calculate the hourly, monthly, and annual energy
requirements for heating and cooling the improved
residences for the chosen weather year, and compare
the results with those of the (unmodified) charac-
teristic residences.

The following chapters describe the characteristic build-
ings, present their heating and cooling loads and the resulting
:nergy use, and discuss the potential energy savings associated
vith a set of improvements made to each building. All the
information included in this summary report has been documented
in the twelve city»specific reports referenced at the back of
his report.
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IT. SUMMARY AND CONCLUSIONS

Building trends and practices were identified for the
eleven cities through an extensive survey of builders and
architects. Four building classes were studied, including
single-family, townhouse, low-rise, and high-rise residences.

A brief synopsis of the building trends and practices jdentified
follows.

) Single-family houses have declined in popularity
in recent years but are still the most prevelant
form of housing, followed ‘in turn by townhouses,
low-rise apartments, and high-rise apartments.

o The typical single-family houses defined in this
study had floor areas that varied from 1139 to
1852 square feet and about 200 square feet of
glass. A1l the single-family buildings had
moderate roof insulation and all but the Miami
house had wall insulation. The most common HVAC
system was a gas-fired, forced air heating system
used in conjunction with a central air conditioning
system.

) Typical townhouses tended to be about 25 percent
smaller than the single-family houses, ranging
in size from 1150 to 1672 square feet and having
an average of 130 square feet of glass. The
townhouses each had ceiling and wall insulation
levels comparable to the single-family houses,
except the Baltimore and Miami townhouses, which
had no wall insulation. The most common HVAC
system was a gas-fired, forced air heating system
and a central air conditioning system. The most
common living unit arrangement was eight two story
Tiving units side by side in each townhouse building.

) The low-rise apartments were typically between 525
and 1140 square feet and had an average of 90
square feet of glass. The low-rises followed the
same insulation pattern as the townhouses, with
the Baltimore, Miami, and St. Louis buildings
having no wall insulation. The most common HVAC
system was a gas-fired or electric forced air
system and either central or window air conditioning.
The typical living unit arrangement was 24 1iving
units in a two or three story building.
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The high-rise apartments had floor areas varying
from 550 to 1326* square feet with an average of
80 square feet of glass. The high-rise buildings
were not well insulated; many having only an air
gap for wall and ceiling insulation. The most
common heating distribution systems were two-pipe
fan coil and baseboard radiation, the cooling was
central in the two-pipe fan coil buildings and
window units in those heated by baseboard radiation.
The arrangement of living units was 149 to 224
units in a ten or fifteen story building.

Energy use patterns of these buildings were quantified
using the computerized Hittman Associates, Inc., Building
Energy Analysis Model (BEAM). These patterns are outlined

below.

Single-family residences required the most energy
for heating and cooling, followed in turn by
townhouses, high-rises, and low-rises. This trend
was mainly the result of changes in exterior surface
area, air infiltration, and internal load density.

The inefficiencies associated with electricity
generation made the choice of heating energy
the most important factor in determining a
building's primary energy use. These ineffi-
ciencies also tended to make the residences

in regions with large cooling requirements the
most energy intensive.

Climatic environment dominated in-structure energy
use in the single-family residences and did so to
a lesser degree in townhouses, high-rises, and
low-rises, respectively.

A high correlation was found between a building's
exterior surface area and its infiltration load.
The high-rise buildings had unusually large infil-
tration loads resulting from large stack effects
and required hall and stairway ventilation.

Building construction proved to be the most
variable factor in determining in-structure energy
use and is therefore the most important considera-
tion in residential energy conservation.

*The unusually luarge 1326 square foot living unit was a
three bedroom condominium in Houston, Texas.
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0 The Thermal Load Factor* (TLF) was a good
measure of the heating thermal integrity in the
single-family, townhouse, and Tow-rise buildings.

The energy use of the characteristic buildings was analyzed
to determine where energy reductions could be made. A set of
improvements for each building was formulated and the energy
required by the improved buildings was calculated in a manner
similar to that used for the characteristic residences. An
analysis of the resulting energy savings follows.

° Reductions in total heating and cooling energy
use were typically between 30 and 60 percent (see
Figure 1). These savings were the result of
technically feasible modifications to houses of
standard design and construction.

° The most important modifications analyzed included
a reduction in glass area; use of double glazing
or reflective glass; installation of weather-
stripping and caulking; increased wall, floor, and
ceiling insulation; and utilization of more
efficient HVAC systems.

° The TLF's of the characteristic buildings proved
to be a good measure of the potential heating
energy savings in all but the high-rise apartment
buildings.

. Three major conclusions can be drawn from the results of
this study.

° Current building practices are not in the best
interests of energy conservation and can be
significantly improved - typically resulting
in about 50 percent reductions in energy use-
by several structural and HVAC improvements.
See Figure 1 for a summary of potential energy
savings. .

° Although fuel choice dominates primary energy use
and climatic environment dominates in-structure
energy use, the fact that a building's thermal in-
tegrity is the most readily improvable energy use
factor makes it very important from an energy con-
servation standpoint.

*The Thermal Load Factor is a building floor area and climate
normalized building energy requirement.
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The TLF is a good measure of a building's thermal
integrity for heating and could therefore be

used as the basis of a construction standard, but
more research is required to develop an equivalent
measure for building cooling thermal integrity.
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ITII. IDENTIFICATION OF CHARACTERISTIC
RESIDENTIAL STRUCTURES

Typical, or characteristic, residences representative
of the current design and energy use patterns in single-
family residences, townhouses, and low-rise and high-rise
apartments, were defined for the eleven selected metro-
politan areas. This identification was based on a large data
base developed from information gathered from national and
municipal agencies, trade and industrial sources, and
utility companies. Performing an informal sampling, com-
patible sets of building parameters were synthesized to
represent complete residential structures typical of current
building design practices in each area.

The design and structural features considered important
~in defining these residences included:

0 structural parameters such as contruction details,
dimensions, and materials used, and

) energy use parameters such as heating and cooling
equipment, types of fuel and energy used, and
appliances and their energy use levels.

Whereas specific 1ife-styles were not prescribed for
the residents of the characteristic residences, a certain
number of life-style parameters were imposed, by necessity,
for the analyses. Examples of 1ife-style parameters that
were identified include:

° thermostat set points,

° relative humidity set points,

0 type and number of appliances,

0 daily profiles of appliance and 1ighting usages, and
° use of ventilation fans.

Most of these parameters were defined for average condi-

tions; no attempt was made to modify the parameters to allow
for variations caused by weekends or holidays, vacations,
entertaining of large groups, difference in age or affluence

of the residents, etc. Occupancy loads were, however,

adjusted for weekends. The only component of internal load
that varied significantly from building to building was
lighting, which was defined as a Tinear function of floorspace,
and thus varied geographically as did floorspace. In considera-
tion of the sites and quality of the characteristic residences

II1I-1



and of the appliances used in these residences, it was

assumed that the residences would be occupied by individuals
or families in the middle income group. It should be
recognized that the 1ife-style of any given resident in a real
case could vary greatly from the average conditions defined
for these analyses, and that variations in occupant life-
style will affect a building's energy use in a non-negligible
way.

With respect to ventilation air, the single-family,
townhouse, and low-rise apartment structures were defined as
having no mechanical ventilation equipment, whereas the
high-rise apartment structures had ventilation air supplied
to the halls. The normal rate of air infiltration through
the structures, augmented by kitchen and bathroom fans, was
more than sufficient to meet the physiological and aesthetic
requirements of both the townhouse and low-rise units. The
windows of the respective characteristic residences were
defined as remaining closed during periods of heating and
cooling. However, allowances were made for daily opening of
entrance doors in accordance with each residence's popu-
lation.

A. Single-Family Residences

The detached single-family residence is still the most
prevalent form of housing in the U.S. In 1973, some 64
percent of the existing stock of year-round dwelling units
nationwide were in single-family buildings. However, recent
demographic trends, combined with costs of building materials,
land, and financing, have begun to diminish the domination
which the single-family home has held. 1In 1973, only 55
percent of the dwelling units started nationwide were in
single-family residences. .

Quantitative data for design and structural features of
single-family residences was obtained from a national builder
practices survey and was augmented by previous field obser-
vations in the Baltimore/Washington area. The survey in-
cluded over 1600 builders nationwide, who were responsible
for the construction of rapproximately 84,000 single~-family
houses in 1973. Information was gathered on construction
details, building materials, heating and cooling equipment,
and household appliances.

Other sources from which single-family housing data was
obtained included a recent study of the potential for solar
heating and cooling of buildings, which specified typical
residential structures in various U.S. regions. Some building
parameters such as window area, for which published regional
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data was not available, were specified by recourse to HAI's
statistical analyses of Baltimore/Washington area construc-
tion and standard civil engineering and construction hand-
books. Compatibility among building elements was carefully
preserved. Typical appliance mixes and electricity con-
sumption levels were based on the data acquired for the
characteristic single-family house in the Baltimore/
Washington area.

On the basis of the data collected, characteristic
single-family detached residences were defined for all
eleven locations. Table II summarizes the major charac-
teristics specified for the single-family residences in each
location.

The rancher house was the most predominant stvle,
followed in tufn by two Story and split Tevel styles. With
the exception of the Miami house, the buildings were of wood
frame construction with a pitched and shingled roof.

Typical wall construction included an exterior siding of

wood or masonry material and batt insulation, with an overall
R value between 10 and 13 hr ft2 °F/Btu. The Miami house

was of solid masonry construction with a built-up roof and

no wall insulation. The ceiling and roof R values for the
eleven characteristic houses ranged from 14 to 21. The
living areas varied from 1139 sq ft in St. Louis to 1852 sq
ft in Denver. Floor area figures only include space that

was heated and cooled, not unconditioned basements or garages.
A1l windows were single glazed, and some buildings had storm
windows. A1l the HVAC systems were central forced air using
gas for heating and electricity for cooling, except in Miami
where electricity was used for both heating and cooling.

The five single-family houses located in areas with more

than 4000 heating degree days had full basements (Baltimore,
Boston, Chicago, Minneapolis, and St. Louis).

B. Townhouse Residences

General trends in the housing market over the last several
years, especially in Targe metropolitan areas, indicate that
the construction of single-family detached housing units is
declining rapidly. 1In the nation, the portion of private
housing starts which were single-family detached residences has
decreased steadily, from 79.5 percent in 1960, to 65.4 percent
in 1965, to 56.8 percent in 1970, to 55.4 percent in 1973.
These trends indicate that in the future, townhouse and multi-
family residences will dominate the construction scene in
large urban areas.
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The primary source of data for the townhouse residences
was the same as for the single-family residences, a national
builder practices survey. Of the housing units constructed
nationally by the surveyed builders, 19 percent, or approxi-
mately 16,000 units, were townhouses.

- In addition to the builder practices survey, the earlier
data collection done for the Washington/Baltimore area was used
for reference. Similar sources and methodologies used for the
single-family residences were also utilized for the townhouse
structures.

Table III summarizes the major characteristics for each
townhouse building. The buildings were all two stories con-
taining eight 1iving units. Construction methods, materials,
insulation levels, and HVAC systems were similar in the town-
house and single-family residences, with two major exceptions
including 1iving space floor areas and presence of basements.
The townhouses were typically about 25 percent smaller than
the single-family houses, with floor areas ranging from 1150
sq ft in Minneapolis to 1672 sq ft in Atlanta and Houston,
and only three townhouses had full basements (Boston, Minneapolis,
and St. Louis).

C. Low-Rise Residences

Generally speaking, the low-rise multifamily residence
is one which does not require mechanical elevation. The
low-rise building may contain either for-rent or for-sale
dwelling units, although the for-rent variety is most common.
In the United States, there were approximately 256,000 low-
rise dwelling units constructed in 1974.

The primary source of data used for the specification
of low-rise building components (except Baltimore, for which
data was acquired previously) was a very recent nationwide
survey of builders who had built single-family, townhouse,
and low-rise residences in the past year. This survey was
performed from May 1975 to September 1975, and covered only
dwelling units built during 1974. The survey was responded
to by about 9000 builders, who had built approximately
200,000 dwelling units in 1974. Based on the government
figure of approximately 1,300,000 dwelling units built in
1974, this represents a composite nationwide sampling rate of
approximately 14 percent. The city-specific response rates for
low-rise buildings for the cities represented in this study
varied considerably, from five percent in Los Angeles to 48
percent in Miami. Eight of the ten cities had response rates
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of at least 14 percent for low-rise buildings. Table IV
presents the summary of major characteristics for the syn-
thesized low-rise structures.

The characteristic low-rise buildings were two or three
story structures of wood frame (and batt insulation) or solid
masonry (and no insulation) construction. The unit floor areas
varied from 525 to 800 sq ft in one bedroom units and from
625 to 1140 sq ft in two bedroom units, indicating that the low
rise units were considerably smaller than the townhouses. Except
for Minneapolis with storm windows and Boston and Chicago with
double glazing, all windows were single glazed. Wall insulation
was used in moderate quantities in every low-rise except for
those in Baltimore and Miami, which had none. Roof insulation

used in every low-rise, with R values ranging from 6 hr

t¢°F/Btu in Miami to 32 in Minneapolis. Although gas was the
most predominant heating fuel, electricity was used for heat1ng
in Houston, Miami, and Minneapolis.

D. High-Rise Residences

High-rise residences are defined as residential structures
having more than four stories, and typically have mechanical
elevation. High-rise buildings have traditionally been renter-
occupied, but recent years have shown an increasing tendency
towards owner-occupied, or condominium, units in many cities.

The data acquisition for high-rise buildings was accom-
plished entirely by telephone communication with builders,
architects, and engineering consultants in each city studied,
except Baltimore, for which data was previously acquired. It
was concluded, especially for high-cost rental and condominium
units, that the variety in appearance but not construction
detail was attributable to the marketing needs of the develop-
er. The potential high-rise occupant's purchase decision
criteria, while bounded broadly by cost considerations, seemed
more related to considerations of building status, uniqueness,
etc. Table V presents the summary of major construction and
energy use characteristics for the synthesized high-rise
structures in each of the eleven cities.

These buildings were basically of either concrete or
steel construction, and contained an average of 189 living
units. A1l units were made up of one and two bedroom apart-
ments except those in Houston, which included three bedroom
units as well. The floor areas varied from 550 to 850 sq ft
in the one bedroom and 800 to 1178 sq ft in the two bedroom
units. The general trend showed larger units and larger
percentages of glass used in the Southern regions. Except
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for Boston and Los Angeles, there was 1ittle or no insulation
in the walls and the roof R values ranged from 3 hr ft2°F/
Btu in Baltimore to 12 in Boston. Gas and electricity were
used almost equally for heating and electricity was used for
all cooling.
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IV. COMPUTATION OF HEATING AND
COOLING ENERGY REQUIREMENTS

Annual heating and cooling Toads and the resulting
energy requirements were calculated for each of the 44
characteristic residences defined in Chapter III. To deter-
mine the heating and cooling loads or heat delivery/removal
requirements for each residence, a time-response computer
program was used. This computer program included subroutines
for computing hourly loads throughout the year due to con-
duction, convection, air infiltration, radiation, and internal
heat gain. Annual HVAC energy requirements were calculated
from the monthly heating and cooling Toads by applying the
appropriate system and auxiliary component efficiencies and
coefficients of performance determined for each character-
istic residence. The computer program computation procedures,
and the results of these computations, are discussed in the
following sections.

A. Description of the Computer Program
Used for Load Calculations

The computer program used in determining the heating
and cooling loads for the typical residential structures was
a sub-program of the Hittman Building Energy Analysis Model
(BEAM) called the Load Calculation Sub-program (LCSP). The
BEAM program is a revised version of the original U.S.
Postal Service Program. The program has undergone consider-
able modification and its capabilities have been expanded,
the yesulting program being an efficient and flexible computer
model.

The Load Calculation Sub-program is a complex of heat
transfer, climatic, and geometric subroutines which
compute both heating and cooling loads imposed on building
HVAC systems by each of as many as 21 thermal zones on an
hourly basis. The input to the LCSP includes building archi-
tecture and surroundings, local weather, and the orientation of
incident solar radiation. Building loads are computed on the
basis of actual recorded weather data for a selected year,
accurate evaluation of heat gain due to solar radiation, and
simulation of transient heat transfer in the building's struc-
ture. The output consists of hourly weather and psychrometric
data, total sensible and latent loads, and the infiltration
loads for each conditioned space.

IvV-1



B. Calculation of Heating and Cooling
Loads and Energy Requirements

In calculating the heating and cooling loads for each
characteristic residence, the detailed structural and design
inputs were based on data which is summarized in Tables II
through V. Profiles of internal loads resulting from lights,
appliances, and occupants were also specified. These profiles
varied for weekdays and weekends throughout the year. A
constant thermostat set point of 72°F was defined for both
the heating and cooling seasons. In calculating the loads,
it was assumed that ali windows in the residences remained
closed.

For this analysis, each single-family house was repre-
sented as a single thermal control zone, and the living
units within the multifamily residences; townhouses, low-
rises, and high-rises; were each identified as separate
zones. Many of the units had the same combinations and
orientation of exposed walls, roofs, floors, windows, and
doors. These units were considered as being thermally
equivalent, thus allowing a simplicication of the energy
analysis model. The simplest example of this technique is
the analysis of a townhouse building. Each townhouse struc-
ture is comprised of eight units with six thermally equivalent
intermediate units and two unique end units. Thus, using
the equivalence technique reduces the number of units ana-
lyzed from eight to three. Care was exercised in utilizing
this technique to maintain a high degree of accuracy. The
resulting annual heating and cooling loads are summarized in
Tables VI through IX. These loads are dependent on a multi-
tude of variables, including overall climatic conditions and
general building configuration.

When examining the components of the heating and cooling
loads for each class of building, some interesting correla-
tions were found. One of these was the very close correspon-
dence between building surface areas and infiltration loads
for the single-family, townhouse, and low-rise buildings.

Due to large amounts of required ventilation and a signifi-
cant stack effect, this correlation did not extend to the
high-rise buildings. In fact, in some cases the high-rise
heating loads were almost exclusively due to infiltration.*
Table X presents the infiltration loads on a square foot
basis for each building studied. .

*In high-rises, the internal heat generation is typically
large enough to balance the bulk of the conduction losses
through the exterior walls.
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The energy required to heat, cool, and ventilate the
characteristic residences was determined using the pre-
viously calculated heating and cooling loads. The heating,
cooling, and ventilation equipment selected for each resi-
dence was the most common equipment for that area. Tables
II through V specify the HVAC systems defined .for each
building. The efficiencies of these systems were based on
the findings developed in the system analysis section of the
Baltimore/ Washington study. It was assumed that the HVAC
systems were operated in only one mode, heating or cooling,
during each month, except for the two months when the tran-
sition from one conditioning mode to the other occurred. A"
thirty-one percent electricity conversion/transmission
efficiency and three percent gas pipeline losses were assumed
for conversion of units of in-structure energy to those of
primary energy.

C. Analysis of Characteristic
Buildings' Energy Use

The following four part section discusses the results
of the energy analysis performed on the characteristic
buildings in each of the eleven cities. The first part
introduces the Thermal Load Factor (TLF) and describes a
genera] trend observed among the four bu11d1ng classes. The
remaining three parts comprise a more in-depth analysis of
the building classes and specific noteworthy buildings,
emphasising the following aspects:

(1) the dominant role of energy type in determining
primary energy use,

(2) the large effect climatic variation has on in-
structure energy use, and

(3) the effects building construction has on energy
use given a fuel type and climate.

1. A General Energy Use Trend In the Residential
Building Classes

Even a casual comparison of the energy use figures
presented in Tables VI through IX reveals a general pattern
in the energy requirements for the building classes. It is
apparent that the single-family houses use the most energy,
followed respectively by the townhouses, high-rises, and
Tow-rises. To further quantify this trend, the heating and
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cooling loads or energy requirements for each building have
been normalized with respect to both living unit floor area
and climate using the appropriate annual degree days. The
resulting value, or Thermal Load Factor (TLF), is a highly
descriptive number that reflects a specific building's

energy needs. Note that since heating and cooling loads are
differently affected by building characteristics, both
heating and cooling TLF's have been computed for each build-
ing. It is important to realize that the TLF is a climate-
normalized figure and therefore should exclusively be a
measure of a building's thermal integrity, or more precisely,
the lack thereof. Further analysis presented below will
establish this fact for the heating TLF but show that several
factors reduce the accuracy of the cooling TLF.

The table below presents averages of the heating and
cooling TLF's for each building class. In computing these
averages, only TLF's of buildings with significant energy
requirements were included. To clarify, the warm localities
(Miami, Los Angeles, and Houston) were excluded from the
average heating TLF calculation since the primary design
objective in these areas is to minimize cooling loads. In
computing the average cooling TLF for each building class, the
cities of Boston, Chicago, Denver, Minneapolis, and San Fran-
cisco were excluded for similar reasons.

Heating Cooling
Single-Family 11.60 16.9
Townhouse 6.17 16.0
Low-Rise 4.99 18.3
High-Rise 4,53 18.5

The average TLF values display a different trend for
heating and cooling. Whereas the heating TLF's monotonically
decrease from single-family houses through high-rise buildings,
the average cooling TLF is lower in the townhouses than the
single-family houses, but then increases for low-rise and high-
Ei?e apartment buildings. These opposing trends are explained

elow.

The decreasing heating TLF trend is the result of three
factors, all tending to reduce heating loads for the single-
family buildings through the high-rises. These factors include:

(a) a decreasing skin area and associated conduction
load for single-family buildings through high-rises,
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(b) a progressive reduction in infiltration with the
reduction in exterior wall area, and

(c) an increasing internal load density resulting from
a similar internal load in each building and a
decreasing living unit floor area..

The major consequence of this trend is that the largest
heating energy savings are possible in single-family houses.
These savings are obtainable through reduced infiltration,
increased insulation, and more efficient heating systems.

The trend in cooling is more complicated since it is
the net result of several components working in opposition to
each other. Whereas infiltration loads decrease for single-
family through low-rise buildings, internal loads increase
as explained above. Conduction loads are less dominant in
cooling than in heating due to a smaller inside-outside
temperature differential, thus infiltration and internal
heat generation are the major cooling loads. A third load
component, solar radiation, decreases with decreasing glass
area, and thus also effects the cooling trend. Using these
individual cooling load components to explain the net cooling
TLF trend, the decrease in TLF from single-family to townhouse
buildings reflects the fact that the decreases in infiltration
and solar loads outweigh the increases in internal load
density. Moving on from the townhouses to the low-rises and
high-rises, the internal load density dominates the other
components and consequently increases the average TLF's.

Although the trend in cooling values would imply that
the largest potential savings exist in the low-rise and
high-rise apartment buildings, one must recall that internal
loads are mainly responsible for this trend, and that they
are fairly invariable, implying a more meaningful analysis
of cooling energy savings potential would involve factoring
out the effect of internal load density variation on the
TLF's. Such a calculation would be very. involved, and was
not performed since cooling energy saving potentials for
each building were quantified through computer simulation.

2. Energy Choice Dominates Primary Energy Use

The most important factor in determining a building's
primary energy use is the type of fuel used by that building
to meet it's heating and cooling demands. The reason for
this Ties in the fact that electricity generation, trans-
mission, and distribution are collectively only about 31
percent efficient.
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The most convincing example of the dominant role energy
type plays in determining heating energy use involves the
Boston and Baltimore townhouses. Although the Baltimore
building was very poorly built, with no wall insulation and
very little ceiling insulation and consequently a larger
heating load than Boston, the fact that the Boston building
used electricity for heating and the Baltimore building used
gas resulted in the Boston townhouse using over twice as much
primary energy as the building in Baltimore.

Although almost all residential cooling is done by
electric air conditioners, the large primary energy adjust-
ment associated with electricity does impact coolina energy
use. One major effect is the amplification of the importance
of cooling. Contrary to popular belief, the most energy-
intensive residential buildings are not located in the city
famous for its cold climate, Minneapolis, or the mile high
city, Denver; but in the winter vacation city of Miami. Even
though Miami buildings consistantly had the smallest heating
loads of any region studied, they had the highest total primary
energy use for every building class but townhouses, where
Boston's electrically heated building was the Targest user.

A more d1stract1ng result of this increased we1ght1ng of
cooling energy use is the confusion of energy conserving
building modifications in areas with heating and cooling loads
of similar magnitude. As an example, consider the installation
of reflective glass in a single-family house located in a
region of moderate ciimate. The reduction of solar energy
absorbed by the house will increase the heating load and
decrease the cooling load. If the heating load is increased
by the same gmount that the cooling Toad is decreased, and gas
and electricity are used for heating and cooling respec-
tively, the installation of the glass will reduce primary
energy use and increase in-structure energy use. Such a
situation forces a value judgement to be made, since elec-
tricity is in part generated from replenishable hydro and
abundant atomic energy while fossil fuel is both limited and
virtually unreplenishable.

3. Climatic Environment Dominates In-structure
Energy Use

Given an energy type, a situation which regional
politics and economics frequently creates, the most import-
ant factor in determining residential energy use is climate.
Buildings in cold climates such as Boston, Chicago, Denver,
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and Minneapolis will require large amounts of energy for
heating. Hot climates will result in big cooling energy

uses for buildings, such as in Houston and Miami. However, the
climatic environment will be of varing impact in different
building classes as shown below.

An analysis of the energy use figures in Tables VI
through IX results in the conclusion that climate has a
decreasing effect on single-family, townhouse, high-rise,
and low-rise buildings respectively. The decreased skin
area of Tiving units in buildings along with a reduction
in window area is the major reason for this decreased .
climatic effect. An increasing domination of the internal
load, a climatic-independent l1oad component, also tends to
decrease the effect of the climate on energy use in multi-
family buildings. Because of increased infiltration in the
high-rise resulting from forced ventilation and a large
stack effect, this trend is more pronounced in the low-rise
buildings than in the high-rises. In an attempt to quantify
this varying climatic dependence, the standard deviation of
the heating TLF's for the four building types were computed.

Single-family Townhouse Low-rise HighQrise
2.57 1.58 1.49 1.89

These figures show that heating loads vary more in single-
family buildings than townhouses, etc. Although these figures -
in part reflect a more standard construction technique for
apartment buildings than for single-family residences, this
practice itself is indicative of the decreasing importance
of climatic variation in the building classes.

[ ]

This trend is very important when considering energy
conserving building modifications. Since the low-rise is
the least climate-sensitive, structural improvements in that
type of building will have the smallest impact on energy
use. Another major role climate plays is in determining
whether heating or cooling modifications will be the most
effective in reducing total energy use. These concepts are
explored further in the next chapter.

4. Building Construction is the Most Controllable
Factor in Building Energy Use

It is obvious that the climate for a particular region
is fixed since no existing technology can significantly
modify the weather. As previously stated, the energy for cooling
is of one type and frequently the same holds true for heating.
Given these facts, building characteristics are the most
important factors in determining energy use since they are
the most controllable.
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Not only are building characteristics the most control-
lable energy use factor, but designing buildings below
reasonable levels of thermal integrity results in extraor-
dinarily large energy requirements, as the following example
illustrates. The Baltimore and Minneapolis single-family
houses were of similar, acceptable construction. As would
be expected, the Minneapolis building used almost twice as
much energy for heating as did the one in Baltimore. However,
the Baltimore townhouse had no wall insulation and actually
used more energy for heating than the Minneapolis townhouse.
The Baltimore townhouse also experienced very large cooling
loads, with a cooling energy use virtually the same as that
of Atlanta's townhouse.

Due to the fact that full basements have a larger
surface area in direct contact with the cool subterranean
earth than do slab-on-grade foundations, they result in
higher heating loads and lower cooling loads than the Tlatter.
One might think that this would cause more full basements to
be used in the warm climates than the cold ones. However,
perhaps due to a lack of understanding of the real response
of basements or local construction practices, they are more
common in the North than the South.

Comparing the heating TLF's for individual single-
family residences, the Boston house with 1ittle insulation
was the least well built for its climate. The Denver house
with no storm windows and only moderate insulation had the
next highest heating TLF. The St. Louis house with single
glazed windows had the third worst heating TLF. The house
in Minneapolis was well insulated and had a moderate glass
area with storm windows and thus had a very low TLF com-
pared to the above mentioned residences. This may well be
the result of an atypically high energy awareness in Minneapolis
stemming from that city's extreme winters.

The townhouse in Baltimore had no wall insulation and
single glazed windows; these two short comings combined to
give the Baltimore townhouse the worst TLF of any townhouse
studied. The next highest TLF computed for a townhouse
was for the St. Louis building, with no storm windows and
only moderate insulation. The remaining buildings all had
the most basic energy conserving features required by their
respective climates and thus had similar heating TLF's.

The St. Louis, Baltimore, and Denver low-rise apartment
buildings all lacked double-glazing and sufficient insula-
tion and therefore had the highest heating TLF's. However,
it should be noted that even the uninsulated Baltimore low-
rise building had a better heating TLF than any single-
family house. This points out once again that the low-rise
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1iving units are much less energy intensive than any other
building type. The Chicago low-rise had the best heating
TLF of any characteristic building, a very low 2.25 Btu/sq
ft degree day. This thermal_integrity resulted in a very
small heating load of 116x105 Btu, less than that of the
Atlanta low-rise.

As explained previously, the high-rise buildings were
each unique due to a stack effect that varied with building
height, different amounts of hall and stairway areas that
required heating and cooling, and large amounts of forced
ventilation required by building codes. These buildings were
very complicated to analyze, requiring up to 21 separate
thermal zones. This complexity reflects an extremely intricate
thermal l1oading network. The Denver high-rise, mainly due to a
lack of double glazed windows, had the highest TLF of any high-
rise, followed by the Atlanta high-rise which had the largest
window area. By comparing insulation values in high-rises (very
lTow) with those in the other buildings, and noting that all the
high-rises had acceptable TLF's except those without double
glazing, one can conclude that the conduction load caused by
windows is by far the most dominant heating load in these
buildings, exclusive of the fairly constant ventilation load.

Regarding the cooling TLF's, the most prominant fact is
that they are larger than the heating TLF's in every build-
ing. The reason behind this 1ies not in the fact that the
buildings are all better designed from a heating standpoint
but rather because solar radiation and internal loads act to
increase cooling loads and decrease heating loads, thus
implying an equal number of heating degree days and cooling
degree days will result in a cooling load larger than the
heating Tload.

Due to the fact that cooling loads are dominated by
factors other than cooling degree days, the normalization of
cooling loads with respect to cooling degree days results in a
TLF biased toward warm climates. This distortion is large
enough so that the cooling TLF for a building does not reflect
the thermal integrity of the building but is more an inverse
representation of the annual cooling degree days. This lack of
a meaningful correlation between the thermal integrity of a
building and it's cooling TLF implies further investigation is
required to develop a useful metric for evaluating residential
buildings with respect to their {(cooling) thermal design.
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V. ENERGY USE OF IMPROVED BUILDINGS

The previous chapter analyzed the energy use for heating
and cooling the 44 characteristic buildings. Thermal Load
Factors were calculated for the buildings to measure their
thermal integrity in hedting, and the TLC's showed signifi-
cant reductions in energy use were possible. The HVAC
systems in the characteristic buildings proved to be less
than state~-of-the-art with respect to efficiency, implying
energy savings were possible in that area as well.

To quantify these potential savings, improvements were
defined for each of the characteristic buildings and the re-
sulting loads and energy uses were calculated using the same
computer technique as was used for the characteristic build-
ings. This chapter presents these improvements, discusses
the resulting energy savings, and establishes a direct
correlation between a building's potential energy savings
and its TLF.

A. Discussion of Improvements

As established above, energy savings were deemed
possible through improvements to both the building structures
and the HVAC systems within the buildings. To fully assess
the energy savings possible for each building, both structural
modifications and HVAC system improvements were included in
the modified buildings. To insure that the results would be
of practical application, only currently available and
technically feasible improvements were defined for the
buildings. Another restriction on the improvements was that
they could not effect the life~-styles of the occupants.

This is a very important point, because significant energy
savings are possible in any residential building through
changes in the habits of the residents.
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In addition to the restrictions on improvements cited
above, no basic changes were made in any building design.
For example, floor area, building height and orientation,
foundation type, and wall material (excluding insulation)
were not changed. The most basic design change and the one
most noticeable to the building occupants was a reduction of
window area by 25 percent in each building. The reason for
not modifying the basic designs Wwas not that they were
beyond improvement, but rather that the goal of this study
was in part to quantify the energy savings possible in
buildings of current design and construction.

Tables XI through XIV present the improvements defined
for each building. In selecting improvements for each
building, a three step process was followed.

] The heating and cooling l1oads were compared to
determine if either one was the dominant factor in
the building's total energy use.

] Based on the above comparison the appropriate load
was examined in its component parts to determine
where improvements would be the most effective in
reducing the building's. energy requirements.

° Modifications were selected to improve the defi-
ciencies of the characteristic buildings and then
checked against the original restrictions to make
sure that they were technically feasible, cur-
rently available, etc.

The HVAC systems were evaluated independently of the
structures and were either modified to increase their per-
formance or replaced entirely with more energy efficient
systems. No changes in energy type were made because this
action was deemed outside the 1imits for improvements estab-
lished at the outset of the study.

B. Calculation of Loads and Energy Use
In Improved Bujldings

The computational method used to evaluate the improved
buildings was the same as that used to calculate the loads
and energy uses for the characteristic buildings, i.e.,
hourly loads and energy use data were calculated for the
full weather year using the BEAM computer program. The only
changes to the computer inputs were those necessary to
include the structural and HVAC system improvements in
Tables XI through XIV.
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Figures 2 through 5 show the heating loads, cooling
loads, total primary energy per unit, and total primary
energy per square foot respectively for each improved building.
To simplify the comparison of these values with those for the
characteristic buildings, both characteristic and improved
values are included in the Figures. The total reductions of
primary energy were previously shown in Figure 1. The averages
of these reductions by building class are 51, 50, 46 and 4]
percent for single-family, townhouse, low-rise, and high-rise
buildings respectively. This declining rate of energy savings
ww - can be explained by the fact that all structural modifications
»-. wWere performed on the building envelope area, and this decreases
from single-family to high-rise buildings, thus decreasing the
impact of improvements. An additional factor appliad to the
high-rise buildings, that being infiltration associated with the
- .. large stack effect and required ventilation which could not be
- compensated for.

The decreasing percent energy savings described above
- correspond with decreasingly large energy uses in the char-
acteristic buildings, the two trends combining to make single-
-~ family houses the largest source of potential energy savings,
" with decreasing savings potential in the townhouse, low-
rise, and high-rise, respectively. The fact that the single-
family house is the dominant class of building adds to the
magnitude of its potential for energy savings. This is a
pleasing result because the owner of a single-family house
will typically be the most motivated class of building owner
with respect to minimizing energy costs (and therefore use)
since he is the least transient and does not experience
utility-included rents and other distortions that preclude
energy conservation motivation.

C. Thermal Load Factor as a Building Standard

. In Chapter IV, the Thermal Load Factor (TLF) was defined
as the building l1oad (Btu) divided by the floor space (sq
~ft) and the appropriate number of degree days. It was
established that the heating TLF was a metric of a build-
ing's thermal integrity but due to several exogenous factors,
the cooling TLF was of 1ittle value when approached in a
similar manner.

For the heating TLF to be considered as a building design
.. standard, a correlation must be established between the character-
- istic buildings' TLF's and the percent reductions in their
- heating loads caused by improving the buildings. For the
purpose of investigating the correlation between these two
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values, the percent reductions in heating loads for single-
family buildings are compared in the Table below with the
characteristic buildings' TLF's for the eight cities in heating
climates.

Comparison of Energy Reduction and TLFs

Heating Load Characteristic Improved
Reduction (%) Heating TLF Heating TLF
Denver 67 13.3 4.44
Boston 61 14.7 5.77
St. Louis 57 12.6 5.53
Minneapolis 50 11.6 5.99
San Francisco 45 10.1 5.62
Chicago 44 9.6 5.32
Baltimore 40 9.9 5.97
Atlanta 30 6.7 4.68

The percent reductions in heating loads have been
ranked in order of decreasing magnitude and it can be seen
that the charactistic TLF's follow this ranking very closely.
Similar correlation was exhibited by the townhouses and low-
rises, but due to various factors previously described, the
high-rise buildings showed considerably less meaningful
correlation.

A major result of the thermal load component analysis
used in selecting improvements for the characteristic build~
ings was that the heating TLF's for the improved buildings were
very similar for each class of building (see table above
for example). The average heating TLF's by building class for
the eight cities with heating climates were:

Single-Family 5.41 Btu/sq ft DD
Townhouse 2.32 Btu/sq ft DD
Low-Rise 2.04 Btu/sq ft DD '
High-Rise 2.49 Btu/sq ft DD

The standard deviation for each class was very small,
0.34, 0.57, 0.91, and 1.38, for single-family through high-
rise buildings, respectively.

The average TLF's given above could very well be

used as a design standard in any region with a moderate to
large number of heating degree days. This method would

V-12



eliminate the need for detailed l1oad component analysis and
only require a rough determination of the heating load for a
building to determine if its construction was acceptable for
the Tocal climate.

A similar metric for cooling Cou]d be developed but it
would require more than the simple normalization with respect
to floor area and annual degree days used for the heating
TLF.
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