the air a refractive capability that may
equal or exceed the curvature of the
earth. Manifestations of the arctic mi-
rage, though largely forgotten in modern
times, are described in the earliest ac-
counts of North Atlantic discovery.

This interdisciplinary investigation,
combining historical induction with sci-
entific observation and analysis, has sug-
gested a new interpretation of historical
events. We believe that information
gleaned from these mirages was vital to
Norse navigation and exploration in the
North Atlantic. We further contend that
the mirage may furnish a logical basis for
the pervasive ancient and medieval con-
cept of the flat or saucer-shaped world.
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more, Maryland, with a floor area of 140
m*, amounts to an average 187 gigajoules
(10° joules) (/) of heating fuels and 44
gigajoules of electrical energy (2). At
1975 average prices for natural gas and
electricity (3), the corresponding annual
cost is about $840. If the house has elec-
tric resistance heating, its 1975 annual
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subsequent unavailability of natural gas
to new residential customers in many
parts of the country, and finally, of
course, the Arab oil embargo of Novem-
ber 1973 all served to place in focus both
the vulnerability of the United States to
an energy shortage and changing and
uncertain patterns of future fuels avail-
ability (). Hence the more efficient use
of energy has become an urgent national
goal which is providing a further impetus
to the consideration of energy con-
servation design features in housing.

The potential impact of these strong
economic and national policy thrusts on
both existing and new housing is signifi-
cant. Existing dwellings that have low
thermal efficiency and cannot be im-
proved economically will become in-
creasingly obsolete. This will result in
decreased property values (relative to

Dr. Snell is Chief, Office of Energy Conservation,
Mr. Achenbach is Chief, Building Environment Divi-
sion, and Mr. Petersen is a member of the Building
Economics Section, Technical Evaluation and Appli-
cation Division; all of the Center for Building Tech-
nology, Institute for Applied Technology, National
Bureau of Standards, Washington, D.C. 20234.

1305



more thermally efficient dwellings) and,
in some cases, outright abandonment.
To a large extent, this obsolescence is
due to a general failure to anticipate the
dramatic increase in energy costs that
has occurred since 1970 and now promis-
es to continue, although at a lesser rate,
at least through the end of the century. If
such premature obsolescence is to be
avoided in new housing, its energy effi-
ciency must be increased substantially
over that of most of the existing stock of
housing.

In this article, we examine the poten-
tial implications of energy cost and avail-
ability for new housing design over the
rest of the century. Our discussion is
based on the premise that the rise in the
price of fuels relative to that of labor and
materials is focusing the attention of
home builders and home buyers on total
life-cycle costs. This shift in emphasis
from first-cost, short-term, and specula-
tive factors to the energy conservation
technologies stimulated by life-cycle
cost analyses portends a number of ma-
jor physical changes in new residences
over the next few decades.

This thesis is developed by looking
first at the housing market, the historical
influences of certain building practices,
and fuel price changes in recent years.
Attention is directed primarily to single-
family detached dwellings including mo-
bile homes, single-family attached
homes, townhouses, garden apartments,
and low-rise housing units. Next, major
design parameters related to energy are

examined in the context of a simplified
life-cycle cost model, with numerical ex-
amples. The constraints imposed by
existing technology, building and occu-
pancy practices, and energy costs on
total life-cycle costs are examined for
their implications to future housing de-
sign practices. Then, the technological
opportunities for energy conservation as
a design consideration are discussed,
with an emphasis on identifying the ex-
tent to which many design parameters
related to energy will change in the next
few decades. Finally, we focus on the
question of the implications of energy
conservation on new housing design,
ownership, and operation and on the
identification of several specific research
and policy issues. '

Major Factors of Change

Existing housing and new construction
data presented by the Federal Energy
Administration (FEA) in its Project Inde-
pendence report (5, table 2.6) show sev-
eral important trends (Table 1). Without
explicit consideration of future energy
price increases and émticipated energy
conservation measures, FEA predicted
major increases in mobile home construc-
tion and essentially constant shares of
the national housing inventory for single-
family detached, low-density, low-rise,
and high-rise units over the 1970-1990
time period. Thus, FEA estimated that,
even in 1990, 70 percent of all housing

Table 1. Representative housing data for the United States. Data from (5).

Number of housing units (X 10%)

. Low-rise,
Year Mobile Single- Low townhouse,  High
home family density garden rise Total
detached (duplex) apartment
1970 2.1 44.6 11.0 6.5 33 67.7
1990 7.4 59.4 14.8 8.8 4.5 94.9
Construction, 1990 1.9 6.6 2.2 1.2 0.6 12.5

Table 2. Price indexes for heating fuels (on the basis of billed costs), construction costs, and

consumer prices. Data from (3, 21-25).

Resi- c
Natural Fuel Elgc-* dential onsumer

Year gas oil tricity construc- price

(1 January) tion index
1950 69.9 72.6 97.5 63.0 72.1
1955 82.9 86.0 99.3 72.5 80.2
1960 100.1 89.0 102.4 81.8 88.7
1965 99.9 94.4 102.9 90.4 94.5
1970 107.4 109.3 99.7 122.4 116.3
1975 182.1 230.6 187.0 184.3 162.3

*On the basis of 20,000 kwh annual usage in cities of more than 50,000 (1975 index extrapolated from 1974
index on the basis of 12,000 kwh annual usage rates; 1950-1960 indexes extrapolated on the basis of 6,000 kwh

annual usage rates).
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would be single-family detached units or
mobile homes, 25 percent would be low-
density and low-rise units, and only 5
percent would be high-rise units. The
FEA also suggests that new mobile home
construction in 1990 will nearly equal the
1970 inventory of these units. Our analy-
sis identifies influences that could signifi-
cantly alter these expectations.

About 60 percent of all the energy
used in a typical house is devoted to
environmental conditioning and the re-
maining 40 percent of use is directly
related to the activities of the occupants,
such as water heating, cooking, lighting,
laundry, food preservation, dish-
washing, waste disposal, personal hy-
giene, entertainment, and communica-
tion (5, figure 1.2). These occupant ser-
vices are provided by a wide variety of
appliances, most of which use electric-
ity. In the 1960’s, energy use in housing
was increasing at an annual rate of 4 to 6
percent, largely due to the ingenuity of
industry in providing a large variety of
attractive and convenient appliances for
the home (2, p. II-1). This proliferation
of appliances was viewed as an increase
in the standard of living, and their energy
use was of little concern prior to 1970
because energy was considered relative-
ly plentiful and inexpensive.

The growth in energy consumption per
capita was altered significantly with the
oil embargo of 1973. The immediate re-
sponse was to institute austerity in living
habits to reduce the demand for foreign
oil. Austerity took the form of lowered
house temperature, reduced use of ap-
pliances, lowered lighting levels, de-
creased mobility in transportation, and
similar measures for conserving energy.
It was demonstrated that the energy use
of almost any building can be reduced by
20 percent by more careful operational
practices and by maintaining a con-
sciousness of energy conservation (6).
Some homeowners also made improve-
ments in the thermal properties of their
homes by the use of insulation, storm
windows, and caulking. Both austerity
and building improvement practices
have continued since the oil embargo
ended, partly because of dedication to
the national goal of self-sufficiency, but
mostly because of the very sharp rise in
the price of all forms of energy since
1973.

Few, if any, of the gains made in the
environmental quality of housing over
the last few decades need to be sacrificed
in order to reach the desired goal of
energy self-sufficiency in this country.
Improved design of housing, increased
efficiency in equipment and appliances,
and better control and operation of equip-
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ment and systems can reduce the energy
requirements of new housing from 30 to
50 percent as compared to practices pre-
vailing before 1970 (6). One answer to
the question of what influences there are
to motivate home buyers or builders to
seek these changes can be found in exam-
ining the economic factors facing these
decision-makers. The extent to which
energy conservation features can best be
utilized in new housing can be deter-
mined objectively in a life-cycle cost con-
text where both first costs and recurring
costs are considered.

While life-cycle cost analysis has been
a valid means of investment analysis for
many years, it has only recently been
used explicitly as an aid to energy con-
servation in the design of buildings (7, 8).
Historically, the construction cost or
sales price of housing has dominated in-
vestment decisions in the housing mar-
ket. As a result, energy conservation
features that were incorporated into the
building design were often based on com-
fort considerations or on a reduction in
the costs of heating and cooling equip-
ment rather than on a reduction of long-
term operational costs.

An examination of U.S. prices related
to energy and construction between 1950
and 1970 (Table 2) will help to explain
this first-cost syndrome. During this peri-
od, natural gas and fuel oil prices rose at
an annual rate of 2 percent in current
dollars and actually declined in real
terms. During the same time period, the
price per kilowatt-hour of electricity (at
given usage levels) showed almost no
increase in current dollars and, in fact,
declined substantially in real terms. At
the same time, construction costs in-
creased at an annual rate of approximate-
ly 3.5 percent in current dollars and in-
creased in real terms as well, while mort-
gage interest rates more than doubled.
Anticipation of higher inflation rates at
the end of this period also resulted in
higher discount rates for the evaluation
of future energy savings. Thus, while
first costs and mortgage costs were in-
creasing at a relatively rapid rate, eriergy
costs appeared to be becoming less and
less significant, even in a life-cycle cost
context.

Since 1970, however, this situation has
reversed. Energy costs have increased
dramatically. Not only have they out-
paced construction cost increases, they
have, more importantly, reversed direc-
tion from declining real costs to increas-
ing real costs. While it is unlikely that the
sharp rate of growth in energy costs ex-
perienced between 1970 and 1975 will
continue through the end of the 20th
century, homebuyers’ expectations as to

25 JUNE 1976

Table 3. Space heating and cooling equipment
installed in new single-family housing (per-
cent). Data from (26).

) Elec- Qentral

Year Gas Oil tric air con-

ditioning
1965 64 13 20 25
1970 62 8 28 34
1975* 35 9 55 48

*Extrapolated from 1974 data.

the rate of future energy price increases
must be considerably higher than just a
few years ago. -

Moreover, two important factors are
occurring that gréeatly influence life-cycle
heating and cooling costs. (i) There has
been an accelerating switch from less
expensive natural gas and fuel oil to
more expensive electric heat, especially
of the resistance type. (ii) The per-
centage of new residences with central
air conditioning has hearly doubled since
1966 (Table 3).

Table 4 shows the effective cost per
gigajoule of space heating output (ad-
Jjusted for equipment conversion efficien-
cy), based on average billed energy
prices between 1950 and 1975. The pres-
ent value of the annual cost to provide a
gigajoule of heat to the conditioned
space of a residence over its expected
lifetime, N, can be calculated in a
straightforward fashion with the use of
the present worth factor (PWF). The
PWF is calculated with the use of N, the
annual discount rate, and the expected
annual rate of increase in unit energy
costs (9).

In a typical house built in 1970, natural
gas was used as a heating fuel (Table 4)
at an average cost of $1.41 per gigajoule
of output, with an expected price in-
crease (calculated on the basis of histori-
cal experience) of about 2 percent. A
discount rate based on a 1970 mortgage
interest rate of 9 percent and a con-

servative lifetime of 30 years results in a
present-value life-cycle cost of $17.70
per gigajoule of output. The typical
house built in 1975 uses electric resist-
ance heat at $6.94 per gigajoule of out-
put. Assuming that an expected annual
price increase of at least 5 percent is
reasonable, and again using a 9 percent
discount rate, we calculate the present-
value cost of gigajoule output annually
for 30 years as $121.31, nearly seven times
greater than that for a gas-heated house
in 1970. Moreover, if air conditioning is
added, the total expected present value
of providing heating and cooling require-
ments over a 30-year period rises even
further relative to the expected cost, just
5 years ago, of gas heating alone.

Decision Model for Optimization

of New Housing Design

Energy conservation features offer
little appeal when their only visible im-
pact is either increased first cost or sub-
stitution for convenience or esthetic de-
sign features. The picture changes dra-
matically when life-cycle costs are con-
sidered. These costs can be computed on
the basis of annual costs over the useful
life of the building or the present value of
all such costs. If properly considered,
each of these approaches gives identical
results. The first, often referred to as
“Pity-em”’ in the trade, or Principal-In-
terest, Taxes, Energy, and Maintenance,
provides a convenient assessment of the
relative affordability of various housing
types compared to the householder’s sal-
ary or take-home pay. The second ap-
proach is more closely related to stan-
dard financial analysis procedures and is
therefore used in the following exam-
ples.

Since space heating accounts for the
principal share of residential energy use,
a simplified model of how these parame-

Table 4. The U.S. average cost per 10° joule output to conditioned space by fuel type (on the basis
of billed rates). Data from (3, 2/, 22). The assumed seasonai conversion factors are as follows:
oil and gas, 0.6; electric resistance, 1.0; and heat pump, 1.7.

Cost (dollars)

Natural gas Fuel oil Electricity (1 January)
Year Per 10° joule
Per Per Per Per Per -

therm 10° joule gallon 10? joule kwh* Resist- Heat
ance pump
1950 0.058 0.92 0.123 1.39 0.013 3.61 2.12
1955 0.069 1.09 0.145 1.64 0.013 3.61 2.12
1960 0.083 1.31 0.150 1.69 0.014 3.89 2.29
1965 0.083 1.31 0.160 1.81 0.014 3.89 2.29
1970 0.089 1.41 0.185 2.09 0.013 3.61 2.12
1975 0.151 2.39 0.390 4.40 0.025 6.94 4.08

*On the basis of the billed cost of annual consumption in the 15,000- to 20,000-kwh range.
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Table 5. Representative housing data: Parameters of prototype designs in northeastern United

States (5, figure 1.2).

. Low-rise,
Parameter Mobile ?;E”lgill(;/- dg;f;\i):y townhouse,
home detached (duplex) garden
apartment
Dwellings per building 1 1 1 20
Floor area (m?) 68 150 100 85
Total floor area (m?) 68 150 200 1,700
Plan area (m?) 4 X 17 10 X 15 13.3 X 15 15 X 56.6
Building height (m) 2.2 3 3 S
Shell area (m?) 160 270 344 1,690
Shell area per dwelling (m?) 160 270 172 85
Degree days (K) 2,900
Summer design temperature 30.5 db/
°C) 24.4 wb
Glass (percent) 15 15
Wall, U, (watt/m?K) 1.36 1.93
Roof, U, (watt/m2K) 0.42 0.40
Annual electricity consumption
(kwh) 18,600 404,564
Oil (liter) 5,980 85,500
Lighting (watt/m?) 11 11
Infiltration (air changes per hour) 1.0 0.5
Cost (construction) ($) 9,000* 33,500 50,000%* 351,000
Mechanical, electrical systems ($) 2,000* 7,000 12,000* 80,700

*Estimates of values not found in the cited references.

ters affecting this energy use contribute
to life-cycle cost is examined. The analy-
sis may be readily extended to space
cooling, lighting, and other energy uses.
In this context, the major elements of the
life-cycle cost of a house are the first
costs of the building shell and the heating
system, and the present value of heating
system operations over the useful life of
the building.

The first cost of the building shell is
“directly related to its surface area, A,
and its overall thermal resistance, R,
(expressed as reciprocal watts per
square meter per degree Kelvin), by the
expression (¢, + pR,)A. The parameters
a, and p, represent costs per unit area
and, in general, may take on different
values for increasing ranges of values of
R, to account for piecewise linear shell
costs. The first cost of the heating sys-
tem is directly related to its design capac-
ity, (At A)R, (where Ar is the design
temperature differential between indoors
and outdoors), with a fixed cost a, and a
unit capacity cost, p,. Then

First cost =

@y + piR)A + ay + py(At A)R, (1)

Recurring annual energy costs related
to heat transmission through the building
shell are a function of the average annual
climatic heating load relative to occupant
indoor comfort requirements, H (often
represented by heating degree days X 24
hours per day); the heating equipment
conversion efficiency, 7m; the cost per
gigajoule of energy used for heating,
ps; and A and R,,. Present-value life-cycle
energy costs (2) can be found by applying
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the PWF to the average annual energy
costs at current energy prices, as follows:

Present-value energy costs =
(psHm) X (AIR,) X PWF 2

so that the simplified, life-cycle cost of
space heating for a house is obtained by
combining Egs. 1 and 2

Life-cycle cost =
(ay + piRYA + ay + |p;At + py(Him)
X PWFJ(A/R,) 3)

This is obviously an oversimplified
equation. It does not explicitly account
for a number of factors—such as wind
speed, solar insolation, landscaping,
building and window orientation, archi-
tectural treatment, air infiltration or con-
trolled ventilation, occupant behavior,
and the like—each of which, in many
cases, could significantly influence ac-
tual residential energy use. However,
this equation does identify the major de-
terminants of life-cycle energy costs in
housing design—that is, size, thermal re-
sistance, climatic location, energy
prices, PWF, and equipment efficiency.
The optimal value of thermal resistance
R,* is that which minimizes life-cycle
space heating costs (Eq. 3). In the sim-
plest case, where a, and p, are constant,
R,* is obtained by differentiating Eq. 3
with respect toR,

psdt + py s PWE |12
n 4

R* =
Pi

Equation 4 is generally valid for R,* in
cases where insulation can be increased
with no structural modification to the

building shell. Otherwise, a, and p; may
take on different values for different inter-
vals of R,. In such cases, the optimal
value of thermal resistance is obtained by
selecting, from those values of R, which
define intervals of p; and the values of
R,* defined by Eq. 4, the one for which
Eq. 3 is minimized. R,* is primarily a
function of incremental heating system
capacity costs, energy prices, the incre-
mental cost of thermal resistance, equip-
ment efficiency, climate factors, and the
PWF. However, R,* is unrelated to the
total area of the building shell.

Equations 3 and 4 can be used in the
context of an example to analyze the
potential design implications of various
energy conservation measures that influ-
ence life-cycle cost. For this purpose,
consider a hypothetical single-family
residence in New York City, drawn from
a recent study (/0). The major design
parameters of this and similar dwellings
are given in Table 5.

A 150-m?, one-floor residence is typi-
cal of much recent U.S. construction.
The major elements of first and operating
costs are shown in Table 6. The major
energy-related components (shell and
heating and cooling system) account for
30 percent of the first cost. Annual ener-
gy costs (fuel oil at 10 cents per liter and
electricity at 4 cents per kilowatt-hour)
are $1342. Space heating accounts for 77
percent of the total energy used but less
than half the annual energy costs, which
consist primarily of lighting, hot water,
and appliances. Since cooling makes up
such a small portion of the energy load in
this example, it is excluded from the
following calculations.

Optimal shell resistance. Equation 4
can be solved for the optimal value of
attic resistance, on the basis of current
insulation costs, a New York climate, a
discount rate of 9 percent, a fuel price
increase of 5 percent, and a lifetime of 40
years (/1). Such a solution gives R,* val-
ues of 5.3 for oil heat, 8.3 for electric
resistance heating, and 6.3 for electric
heat pump operation. From Table 5, for
the roof, a design U, of 0.42 (R, = 1/
U, = 2.4) is considered typical in much
existing housing. These R,* values are
two to three times greater than conven-
tional usage of residential attic insulation
provides. Likewise, although a U, of 0.57
(R, = 1.75) is considered typical for
opaque wall areas in existing housing, an
R, of 3.2 to 4 has been shown to be
economically feasible in most new hous-
ing (9). Multiple glazing and significant
increases in floor insulation are also
called for in many cases. As a result,
heating (and cooling) energy require-
ments related to the shell of a house can
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be halved in comparison to past construc-
tion practices by increasing the overall
thermal resistance to a more economical
level.

Energy price increase. If energy prices
were assumed to increase at an annual
rate of 10 percent, R,* in attics would in-
crease from 5.3 to 7.9 in the above ex-
ample for oil heat. Not only is optimal de-
sign highly sensitive to energy price, but
uncertainty about future energy prices
can lead to major diseconomies in resi-
dential operations. The net effect of this
on economic useful life is difficult to esti-
mate. Even now it is usually impractical
to retrofit existing housing with enough
wall insulation to meet presently optimal
insulation levels for new housing. If ener-
gy prices do continue to increase signifi-
cantly there is a possibility of rapidly ac-
celerating economic obsolescence in a
significant fraction of existing, particular-
ly single-family detached, housing.

Housing type and size. Shell area (A)
is a major parameter of both housing de-
sign and energy usage, as shown by Eq.
3. Comparison of a single-family de-
tached unit, for which shell area is 270
m? (not including floor), with a similarly
insulated, two-story, inside townhouse
unit of the same floor area but a shell
area of only 135 m? reveals that heating
and cooling expenditures are approxi-
mately halved, in addition to a significant
reduction in construction costs. Further
reductions in unit shell area are found in
mid- and high-rise residential complexes.
The opposite is true for mobile homes,
which have the highest surface-to-vol-
ume ratio of the types of dwellings con-
sidered here. A mobile home may have
as little as half the floor area of a small
detached house but its unit energy use is
greater than half of that for the single-
family house.

Equipment efficiency. As heating sys-
tem efficiency increases, the cost per
gigajoule output from the system to the
conditioned space decreases, reducing
both life-cycle energy expenditures and
the optimal R,. Heat pumps, which may
be 50 to 100 percent more efficient than
electric resistance heating equipment,
can have a substantial impact on optimal
house design and total life-cycle costs
where electricity is the most practical
heating source. In large building com-
plexes, total energy systems (such as the
Modular Integrated Utility System) may
provide greater efficiencies and use low-
er cost fuels than systems available for
use in low-density communities.

Climate. Another major factor influ-
encing life-cycle energy cost is climate.
This factor directly influences the oper-
ating cost portion of life-cycle cost and
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has a somewhat smaller impact on opti-
mal design resistance, as reflected by the
square-root relationship of Eq. 4. Life-
cycle cost economy may require highly
differentiated building practices in vari-
ous sections of the country in order to
fully reflect heating and cooling load dif-
ferentials as well as regional differences
in energy and construction costs.

Other parameters. This life-cycle cost
model and optimization process can be
expanded to include other variables re-
lated to design. First costs can reflect
changes in infiltration characteristics,
the installation of cooling equipment, in-
creased heating and cooling equipment
efficiencies, solar shading coefficients,
window size, and other design character-
istics related to energy use. Annual oper-
ating costs can be expanded to include
the reduced energy requirements and
possible increased maintenance costs as-
sociated with these improvements. As a
result, optimal values of R,, infiltration
rates, size and efficiency of heating, ven-
tilating, and air-conditioning (HVAC)
systems, shading coefficients, and other
design parameters related to energy can
be determined simultaneously.

Energy Conservation as a Design

Parameter for Housing

Having established, on the basis of
life-cycle cost, a solid rationale for major
energy-related changes in future housing
design, we can discuss the technological
realities relative to such change. In the

decades preceding 1970, the building con-
struction industry, architects, engineers,
and manufacturers of building materials
and equipment invested a great deal of re-
search and development effort to make
housing more responsive to the users’
needs and to improve the livability of
houses. The environmental character-
istics of houses that received a great deal
of attention in these developments were:
(i) efficient use of enclosed space; (ii)
quality of the thermal environment (tem-
perature, humidity, air circulation); (iii)
indoor air quality (control of solid, lig-
uid, and gaseous contaminants); (iv)
use of daylight and sunlight; (v) effective
visual communication with the out-of-
doors; (vi) acoustical privacy; and (vii)
indoor and outdoor esthetics and land-
scaping. In addition to providing a satis-
factory level of each of these environ-
mental characteristics, it was also neces-
sary to provide adjustability of many of
them in response to variations in weath-
er, time of day, or activities of the occu-
pants. ‘
Attention among researchers in the
building community is directed now to-
ward various means of responding to the
influences of fuel price increases and na-
tional energy conservation policies.
There is considerable optimism that ma-
jor energy savings are attainable without
a deterioration in essential performance.
In fact, there is good reason to believe
that a more careful study of user needs in
illumination, thermal environment, venti-
lation air, and equipment control may
yield information leading to both energy

Table 6. Example of a single-family detached house in New York City (5, figure 1.2).

Item Dollars Percent
First cost
Energy related
Shell 6,464 19.3
Heating and cooling system 3,520 10.5
Lighting 672 2.0
Electrical 784 2.3
Hot water 128 0.4
Appliances 1,000 3.0
Total 12,568 37.5
Other
Interior finish, plumbing,
design, and the like 20,932 62.5
Total first cost 33,500 100.0
108 o Fuel Elec-
Energy source joule/ ‘(11(1)143 oil tricity ( d(ojl? ZES)
m? J (liter) (kwh)
Operating costs*
Oil for heating 1,555 233.3 5,980 598
Electricity for cooling 41 6.2 1,700 68
for hot water 178 26.7 7,300 292
for lighting and power 233 34.9 9,600 384
2,007 301.1 5,980 18,600 1,342

*Annual energy use and cost (floor area = 150 m?).
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conservation and improved building.
Available options for the housing design-
ers include the following.

1) Insulation of walls, ceilings, and
floors. A frame wall made of studs 38 by
140 mm spaced 610 mm apart (2- by 6-
inch studs on 24-inch centers) has as
much strength as the more conventional
wall made of 38- by 89-mm studs spaced
406 mm apart; the former uses no more
wood than the latter and allows 50 per-
cent more insulation to be used. The use
of 38- by 140-mm studs is becoming com-
mon practice in some parts of the coun-
try (12). New truss designs allow in-
sulation up to 305 mm thick to be in-
stalled across the entire attic area.

2) Air infiltration. Few houses are now
built with an air leakage rate of less than
one-half building volume per hour (0.5
air change per hour). More typical con-
struction has an air leakage of 1 to 1.5 air
changes per hour. Heating the leakage
air often accounts for a third or more of
all the heating energy requirements of
the house. Only 9 to 17 m® per hour per
person of fresh air is required to meet the
oxygen and odor control requirements of
people (/3). Of course, alternative
schemes for residential ventilation are
available to provide the added fresh air
needed during the hour or so of daily
cooking time and the occasional periods
when groups of people are being enter-
tained. The application of caulking and
sealing compounds at all building joints
and at all penetrations of the exterior

walls during construction is very cost ef-
fective and can reduce air leakage to 0.5
change per hour or less in most housing
and simultaneously improve building
comfort by reducing draft. This is ap-
proximately twice the fresh air required
for oxygen and odor control. Use of
available new compounds, although
more expensive in first cost, can elimi-
nate costly periodic replacement.

3) Windows. Windows provide day-
light in a house and visual communi-
cation with the out-of-doors. In addition,
when properly designed and located,
they can in many cases provide net heat-
ing gains from solar energy during the
heating season. However, a window not
properly exposed to sunshine, even if
double-glazed, can lose ten times as
much heat as an equal area of well-in-
sulated wall, while 20 times as much heat
is lost if it is single-glazed. For this rea-
son, the reduction of window area to the
minimum needed for satisfactory day-
lighting and view to the outside is a wise
approach in many situations. Double-
glazed windows are cost effective over
large areas of the United States; where
fuel prices are relatively high and the
winter weather is severe, triple-glazing
can be cost effective as well.

4) Landscaping and shading. Shrub-
bery planted close to the house and ever-
green trees (14) located about a building
height away from the house on the wind-
ward side can significantly reduce the ef-
fective wind velocity on the building sur-

Table 7. Anticipated impacts of energy conservation on new housing design.

Housing type

Smaller, higher density, fewer detached houses

Increased shift to townhouse and low-rise from single-family detached
Diminished relative attractiveness of mobile homes in life-cycle cost terms
Improved designs with lower unit demands will help keep fossil fuel economically competitive

in many areas for years to come

Architectural features
Thicker wall (cavity and sandwich) and roof construction for more insulation
Fewer picture windows, more double- and triple-glazed windows, some specially coated glass
More functional windows—designed as passive solar collectors
Tighter, better sealed joints, higher performance sealants, better workmanship

Better control of moisture to protect insulation

Attention to shape, orientation, landscaping in design
Control of air movement between floors—fewer open stairwells and split-level designs

Insulated foundation walls in cold climates

Greater thermal resistance for more expensive fuels, such as electric heating
Better thermal comfort and greater acoustical privacy

Mechanical systems
Smaller, more efficient HVAC equipment, better load matching
Customized ventilation to provide outdoor air when and where needed
Widespread use of heat pumps in moderate climates—integrated heat pump and solar heating
Solar space heating in selected climates where gas and oil are in short supply
More zoning and multipoint control systems in larger residences
Electrical load management control options for hot water and appliances

Solar water heating in the south

Institutional
Life-cycle cost-based performance standards (voluntary or mandatory) for new housing design
Labeling of houses, equipment, and appliances for energy use, cost, and performance
Householders knowledgeable of how to operate homes efficiently

1310

faces. This reduces air leakage and also
the transmission loss, especially for win-
dows. Deciduous trees of appreciable
height can provide beneficial shade on
the house during summer and allow sun-
shine to impinge on windows and walls
in winter.

There are a number of opportunities to
improve the energy efficiency of the heat-
ing and air-conditioning equipment in
houses by 5 to 10 percent, and several ad-
ditional techniques with even greater po-
tential. These are as follows.

1) Heat pump. A heat pump for space
heating use will result in a seasonal heat-
ing efficiency (relative to fossil fuels con-
sumed) about equal to that attained with
oil or gas heating equipment, and will
save one-third to one-half of the electri-
cal energy that would be required for an
electrical resistance heating system. The
heat pump is best adapted to the central
and south central latitudes of the United
States, where the magnitude of the heat-
ing requirements is intermediate. The
heat pump is less efficient in very cold cli-
mates. Also, in the far south, the air-con-
ditioning load predominates, and a sys-
tem designed only for cooling can be
made more efficient than a heat pump.

2) Solar heating system. A solar heat-
ing system can easily be designed to pro-
vide one-half to two-thirds of all the heat-
ing energy required in a house. How-
ever, the first cost of such systems is
sufficiently high that they are now com-
petitive only with electrical resistance
heating, and then only in areas where
electric energy is relatively expensive
us).

3) Ventilation. Numerous means are
available to provide fresh air in any room
in a house when the outdoor air condi-
tions are favorable relative to the indoor
conditions. If the occupants are willing
to allow the indoor temperatures to fluc-
tuate from 21° to 27°C and to use an attic
fan for ventilation of the occupied spaces
in lieu of air conditioning whenever the
outdoor air is below indoor temperature,
a very high saving in electrical energy for
air conditioning can be obtained in most
sections of the United States. Such a sys-
tem is usually controlled manually but
could be automated. Small exhaust fans,
manually operated, are often used to re-
move odorous or moist air from cooking
areas and bathrooms. The same principle
could be used in conjunction with solid-
state automatic or programmable con-
trols to augment house ventilation during
periods of high occupancy, thus eliminat-
ing the need for continuous high infil-
tration of outdoor air into houses.

Options for designs of equipment and
appliances that are more conserving of
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energy include better matching of de-
mand and capacity, modularization of
heating and cooling equipment to in-
crease off-peak efficiency, separate sup-
ply of outdoor air for combustion, auto-
matic ignition systems, automatic (fail-
safe) combustion air dampers, and com-
bustion- and cooling-cycle designs with
improved efficiency. Research has pro-
vided some quantification of benefits,
such as the modularization of heating
equipment (/6), the automatic night set-
back of thermostats (/7), the supply of
combustion air from outdoors (/8), the
penalties of oversizing heating equipment
(16), and duct air leakage in attics (/9).
Other options mentioned above require
better technical documentation of poten-
tial energy savings, and nearly all of the
options require economic analysis to cor-
relate cost effectiveness with climate,
operational requirements, energy prices,
PWF’s, and other factors related to life-
cycle costs.

It is highly probable that technologies
not in significant use now, such as wind
power, fuel cells, energy storage sys-
tems, and total energy systems, will be-
come candidates for energy conservation
in individual houses or communities in
the future. The large number of options
available for energy conservation in the
building envelope and in equipment and
appliances indicates that many trade-offs
are possible, and that there may be sev-
eral combinations of options that are sub-
stantially equivalent in energy con-
servation and economic value. Com-
mercially available computer programs
make it possible to evaluate many alter-
natives and, therefore, will undoubtedly
find increased use in residential building
design.

Implications for Future Housing Design

The preceding analyses demonstrate
that rising energy prices and the poten-
tials for increased energy conservation
are powerful forces influencing change in
housing design practices to follow the
dictates of life-cycle performance opti-
mization. The precise nature of these in-
fluences is still unclear; present data and
analytical capabilities for detailed life-
cycle analyses are imperfect. Nonethe-
less, major influences may be perceived.
These are listed in Table 7. All of the in-
dicated changes should improve housing
quality while increasing its life-cycle af-
fordability.

Design influences related to energy
will, of necessity, stimulate major
changes of practice in the building indus-
try,that affect architects, engineers, ma-

25 JUNE 1976

terials and equipment manufacturers,
and regulating officials. Two cloudy and
potentially troublesome issues are the im-
pacts of energy conservation on mobile
home economics and the prospect of ac-
celerated obsolescence of much existing
single-family housing that is thermally in-
efficient.

Private industry and government lead-
ers who believe that new housing should
incorporate energy conservation fea-
tures must consider what the best tech-
niques are for making it happen. Educa-
tion, persuasion, financial incentives,
and regulatory procedures have all been
proposed and advocated by various
groups for stimulating more energy-effi-
cient housing designs in the near future.
There are also significant political, na-
tional security, international trade, and
foreign policy considerations in ade-
quately motivating a national energy con-
servation program. A variety of actions
has been taken in each of these areas. A
few states have adopted energy con-
servation regulations. The American So-
ciety of Heating, Refrigerating, and Air-
Conditioning Engineers has developed a
voluntary standard (20), and several
agencies of the federal government have
been seeking to develop building per-
formance standards for energy con-
servation.

There is not now a consensus of opin-
ion in the United States on whether
measures for stimulating increased ener-
gy conservation in buildings should be
pressed on a voluntary or mandatory
basis. Both processes are being ad-
vanced with considerable vigor. The fu-
ture directions followed in housing de-
sign in order to attain a higher level of en-
ergy efficiency will probably not differ
much under voluntary or mandatory pro-
cedures. The rate of progress might be
greater and the level of conservation at-
tained might be higher under mandatory
procedures, but the directions will be dic-
tated by presently known technologies
and those now being researched and de-
veloped. When significant advances
have been made in improving the effi-
ciency of energy utilization in the resi-
dential sector and energy conservation
ceases to be a priority national concern,
the quality of man’s habitat will have
been unmistakably improved.
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