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Key results and conclusions of a five-year
field study of residential energy use are re-
viewed. Our multidisciplinary research is being
undertaken in a set of nominally identical
townhouses in Twin Rivers, New Jersey, a re-
cently built community of standard construc-
tion with gas space heating, electric central air
conditioning, and a full set of appliances.

Average levels of energy consumption and
their dependence on weather and building
type have been established, thereby permitting
detailed quantitative studies of the sources of
remaining variability. Starting from this base-
line, we have. established the level of change
in energy consumption that followed the
“energy crisis’’ in the autumn of 1973 and we
have performed two kinds of controlled exper-
iments: (1) experiments where a set of modi-
fications (retrofits) are made to the building
structure, and (2) experiments where ‘‘feed-
back” is provided to residents, on a regular
basis, reporting their level of consumption of
energy. Conclusions drawn from our modeling
and experimentation are presented here, with
emphasis given to those results bearing directly
on the character of programs to retrofit the
national housing stock.

Photographs of the site, of building defects,
and of our retrofits are included, as well as a
selection of graphical displays of data, each a
snapshot of a kind of analysis we have found
useful and are prepared to recommend to
others who wish to help develop an under-
standing of how houses work.

Lists are included both of the program’s
reports and publications and of the people
who have contributed to the Twin Rivers pro-
gram since its inception.

*Research supported by the U.S. Department of
Energy. Contract No. EC-77-S-02-4288.

INTRODUCTION

Since July 1, 1972, our research group in
the Center for Environmental Studies at Prince-
ton University has been engaged in an enter-
prise to document, to model, and to learn how
to modify the amount of energy used in homes.
The principal target has been the energy used
for space heating; subordinate targets have
been water heating and air conditioning. Our
research approach has strongly emphasized
field studies at a single site, the recently built
planned unit development of Twin Rivers, N.dJ.,
twelve miles (19 km) from our campus, where
about 12,000 people are living in approxi-
mately 3000 homes. Our group has monitored
the house construction, interviewed many of
those responsible for energy-related decisions
in the planning and construction phase, for-
mally surveyed and informally interacted with
the residents, obtained a complete record of
monthly gas and electric utility meter readings,
built a weather station at the site, and placed
Instruments in thirty-one townhouses (all iden-
tical in floor plan). One of these townhouses
we have rented and occupied ourselves, turning
it into a field laboratory. Our sponsors have
been the National Science Foundation since
1972 and the Energy Research and Develop-
ment Administration since 1975.

Section I of this report, “Principal Goals
and Conclusions”, presents our major mes-
sages for the policymaker. They address four
subjects: (1) the effective retrofit; (2) the
effective pilot program; (3) the role of the
resident; (4) the larger context of space heat-
ing. In addressing the effective retrofit, we
emphasize that real houses depart in important
ways from the textbook idealization of the
house as a warm box sitting in cold air. There
are usually numerous ways of reducing energy
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consumption in real houses that are at least as
cost effective as those that textbook models
prescribe, and that can best be detected on
site. We envisage the evolution of cadres of
workers with various levels of on-the-job train-
ing — workers having various employers, in-
cluding themselves.

Diagnostic tools for these workers must
include both simple methods of measurement
and simple methods of data reduction. For the
most part these do not exist. Our research pro-
gram has addressed the question: given an hour
or a day in a house, and the objective of advis-
ing on the most effective strategies to reduce
energy consumption, how should those giving
advice spend their time?

Answers to this question will come, in part,
from carefully structured pilot programs, on
the scale of our program or larger. Ours might
be considered a pilot study of pilot programs,
and it provides insights into the opportunities
and limitations inherent in disciplined, subsi-
dized projects where a set of houses are modi-
fied and the resulting changes are monitored
and interpreted.

Our data confirm the significance of resi-
dent behavior in determining energy consump-
tion. We have been testing ways of helping the
resident to conserve by providing feedback,
and we have obtained some clues about atti-
tudes and beliefs that differentiate residents
according to level of energy use.

Although most of our conclusions bear par-
ticularly on energy conservation in space heat-
ing, several conclusions emphasize that space
heating must be considered in the context of
all uses of energy in the house — especially in
the U.S.A., where energy used by appliances
has been increasing much faster than energy
used by heating systems. This report does not
explore the still larger context of energy in
buildings — the economic and social forces
that have led to a housing stock so far from
optimal. Nonetheless, the reader will appre-
ciate that successful implementation of pro-
grams responsive to our conclusions requires a
sophisticated understanding of a housing
market that has long been skewed to respond
to first costs rather than operating costs. The
historic reluctance of government to invest
resesearch and development funds in end-use
technologies, relative to production technol-
ogies, will also thwart implementation unless
confronted and overcome.

Sections II and III are cinematic. Section II
contains 10 pages of photographs that give an
orientation to our program and a brief history.
Section III contains 10 pages of figures with
annotations. Each figure is a snapshot of a
kind of analysis we have found useful and are
prepared to recommend to others who wish to
help develop an understanding of how houses
work,

Of the many reports generated in our re-
search program, this is the one most directly
aimed at the policymaker who needs a distil-
lation of results and a general impression of
how they were obtained. Those interested in
experimental design, in the methodologies of
data reduction, and in instrumentation are
advised to turn to our other reports, many of
them listed in Appendix A.

Appendix B, the dramatis personae, has
been included in this summary as perhaps the
most straightforward way of conveying the
magnitude of the effort already expended. The
concluding Acknowledgements begin to assign
the credit due to my colleagues for leadership,
imagination, and sheer hard work. There can
have been few programs as interactive across
disciplines and as freewheeling in choices of
problems pursued.

Buildings and energy is an established field,
but one acknowledged, first of all by its prac-
tioners, to be in need of new blood. The fluid-
ity of our own program these past five years
was fostered deliberately by both ourselves
and our sponsors, in order to enhance the like-
lihood that interesting new questions would
be found, not only answers to old questions.
Assessments of our experiment in research
style must begin with assessments of what we
now have to say.

There are other important new questions,
that have hardly been addressed. Foremost
among them, perhaps, are those which concern
a fuel shift at the furnace. In 20 years, it is
quite possible that Twin Rivers will not be
heated by natural gas. How to shift space heat-
ing away from oil and natural gas in much of
the world, over a period of probably not more
than 50 years, is a problem whose detailed for-
mulation and clarification will require many
times the level of effort currently engaged in
research on energy conservation in housing.
We expect that many of the research tech-
niques developed over the past five years at
Princeton will be helpful in this next effort.



Section 1. Principal Goals
and Conclusions

GOAL No. 1. The effective retrofit: To clarify
the technical requirements for an effective
national program to retrofit the existing hous-
ing stock to reduce the energy consumption
for space heating.

Real houses

An effective retrofit program must empha-
size measurements in actual houses. The text-
book idealization of houses as simple shells
with well defined levels of insulation, which
underlies nearly all legislation and regulatory
activity, has serious shortcomings. This ideal-
ization directs attention nearly exclusively to
levels of insulation in the walls and roof and
to window glazing, but once there is some
insulation in place in all surfaces, attention
must be directed more widely. Real houses
reflect a haphazard accommodation to effi-
cient energy utilization; both good and bad
design, as far as energy is concerned, are largely
accidental. As a result, attention to a range of
issues more difficult to model but no less dif-
ficult to appraise in the field frequently should
become the first order of business.

For example, one target for the field assess-
ment of the thermal performance of a building
will be the semi-exterior volumes, those vol-
umes which, because of patterns of use, can
be kept considerably colder in winter and
warmer in summer than the living space. The
Twin Rivers basement, whose volume is 50%
of the volume of the living area, is frequently
warmer than the living area in winter and
colder in summer, because it contains the fur-
nace and uninsulated ducts. The Twin Rivers
attic, in spite of substantial floor insulation,
provides unintended heat loss mechanisms
through air exchange with the basement and
through conductive links across the upstairs
walls that short circuit the attic floor. Both
basement and attic have proved worthy targets
for design-specific retrofits. In other dwellings,
semi-exterior spaces might include hallways,
crawl spaces, and attached garages.

Other targets for a field assessment of ther-
mal performance include: the levels and paths
of air infiltration; the heat distribution system
and its controls; the performance of the win-
dows as solar collectors; the fraction of appli-
ance-generated heat recovered within the living
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area. Our experience at Twin Rivers suggests
that some of the shortest payback periods for
specific retrofits are associated with a house
“tune up” that addresses these issues.

Diagnostic methods

Cheap and simple diagnostic field tests can
be devised to determine those parameters of a
house which help discriminate among retrofit
strategies. We have shown, for example, that
the efficiency of delivery of heat from a fur-
nace can be clearly separated from the quality
of heai retention by the shell of the house,
when an electric heater is run intermittently
in the house for a test period, modulating the
heating ordinarily provided by the furnace.
Such atest can help decide whether to empha-
size the furnace or the shell in a retrofit pro-
gram. Other tests being pioneered in our re-
search include (1) on-the-spot measurements
of air infiltration rates, either by bag sampling
or by continuous injection to maintain a cons-
tant concentration of tracer gas, (2) rapid
assessments of the effectiveness of attic insu-
lation by simultaneous reading of interior,
attic, and outside temperature, (3) measure-
ments of heat capacities by regular readings
of interior temperature as it “floats’ with the
furnace shut off, and (4) assessments of furnace
and distribution system by frequent (once-a-
minute) temperature readings during a furnace
cycle. Although all of these tests need further
development, they appear at this point to lend
themselves to routine implementation in the
field, with hard-wired minicomputer programs
more than adequate to reduce output to use-
ful form.

Performance indices

Energy consumption in housing can be use-
fully discussed in terms of a simple perfor-
mance index analogous to the miles per gallon
(or, more precisely, gallons per mile) perfor-
mance index for vehicles. The index has units
of energy per degree-day. (The degree-day is a
measure of the coldness of a time interval.)
The Twin Rivers townhouse, for example,
functions at about 30 MJ/°C-day in SI units,
or at about 15 ft3/°F-day in the energy units
registered by conventional U.S. gas meters.

This performance index has shortcomings,
but to the extent that we have been able to
examine this index at Twin Rivers, in several
extensive investigations, these appear less seri-
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ous than we had expected, and no more seri-
ous than those which make miles per gallon an
imperfect measure of vehicle performance.
Analogous to the specification of a standard
driving cycle for automobiles, one might want
to specify the average outside temperature
(say, 32 °F = 0 °C) and the duration of the
measurement (say, one month). The index is
less precise when the outside temperature is
warmer or the duration of the measurement
is shorter, but straightforward modeling pro-
cedures can be used with considerable confi-
dence to extract the performance index from
data obtained in milder weather or over shorter
periods of time. For example, we have found
average monthly gas consumption at Twin
Rivers to be more nearly proportional to a
modified measure of degree days, where a
“best” value of 62 F (16.7 °C), estimated
from our data, is used as the reference temper-
ature for the calculation of degree days, rather
than the conventional reference temperature
of 65 °F (18.3 °C) used by the U.S. National
Weather Service.

Energy consumption for space heating is
likely to be proportional to degree days (with
a suitable reference temperature that must be
independently determined) for most houses
and furnaces in most climates. Straightforward
data analysis can be used to include effects
such as sun and wind if they have large sea-
sonal fluctuations or directional biases.

Lower inside temperature

Relative to most other quantitative state-
ments about energy conservation in residential
heating, estimates of the savings obtainable
from lowering the inside temperature are less
uncertain. This is because all of the dominant
heat loss mechanisms for a house are nearly
proportional to the temperature difference
between indoors and outdoors. Consider Fig. 1,
which is a schematic rendition of several im-
portant issues. Vertical distances represent
temperature differences, and the area bounded
by the thick broken line (constant interior
temperature) and the curve (a year’s average
daily outside temperature) is proportional to
the annual heat loss, This heat loss is seen to
be replaced in part by heat from the furnace
(area below the heavy solid line) and in part
by heat from the sun, appliances, and people
(area above the heavy solid line). Fixing the
interior temperature at a lower value (while

making no other changes) results in a smaller
annual heat loss, proportional to the area
bounded by the thin dashed line and the curve.
The resulting reduction in the heat required
from the furnace is proportional to the area
of the horizontal strip between the thick and
the thin solid lines,

The fraction of annual energy consumption
at the furnace that is saved by lowering the
interior temperature one degree is given (in
this simple model) by the length of the heating
season, in days, divided by its severity, in de-
gree days, both referred to the outside temper-
ature below which the furnace is required.
Figure 1 shows an initial interior temperature
of 72 °F (22.2 °C) and a contribution from
heating by sun, appliances, and people that
lowers the temperature at which the furnace
is first required by 10 °F (5.6 °C) to 62 °F

' (16.7 °C). The curve of outside temperature

in Fig. 1 is the National Weather Service’s
average daily temperature profile for Trenton
(15 miles from Twin Rivers). The savings at
the furnace are found to be about 220 days/
4200 °F-days, or about 5% per °F reduction
(9% per °C reduction) in interior temperature,
for locations near Trenton.

Lowering the interior temperature for part
of the day gives proportionately smaller savings
that nonetheless are significant. For example,
lowering the interior temperature at night by
10 °F (5.6 °C) for eight hours (in a house of
light enough construction to fall rapidly to
the lower temperature setting) results in a
savings of roughly 1/3 X 10 X 5 =17% in an-
nual energy consumption at the furnace. This
makes “night set-back” (and day set-back, as
well, when houses are unoccupied for a period
of the day) one of the most attractive strate-
gies for retrofit programs — one, moreover,
largely complementary to those which address
the furnace and shell.
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Fig. 1. Reduction in furnace heating when interior
temperature is lowered.



Solar energy

Houses are already heated by solar energy,
which substitutes for energy at the furnace
when it enters through windows (and, to a
lesser extent, through walls). At Twin Rivers,
gas consumption at the furnace provides 60%
of the annual space heating (compare Fig. 1),
appliances 20%, body heat from occupants
5%, and solar energy 15%. All attempts to in-
crease the efficiency with which incident sun-
light displaces energy consumed at the furnace
are directly comparable, from a public policy
standpoint; those which improve the retention
of incident sunlight (like better insulation) are
equivalent to those which increase the amount
captured. At Twin Rivers, enlarging the south
window and giving it shutters, a strategy we
are currently studying, is a cheaper approach
to partial solar space heating than installing a
collector on the roof; as long as one is not
trying to cut loose entirely from the existing
energy supply systems, the same conclusions
will apply widely. A serious problem with very
large windows — overheating of the living space
in mild weather — needs solutions based on
architectural design, thermal storage and in-
ternal air movement that remain to be devel-
oped.

Side effects

The national retrofit program is imperiled
by universal ignorance about the side effects
of prominent retrofit strategies, in areas of
health, safety, and comfort. Asa case in point,
our measurements of the range of air infiltra-
tion rates in a single house obtained under
varying conditions of outside weather draw
attention to the possibility of creating an over-
tight house in low wind and mild weather in
the process of reducing average air infiltration
rates; but ‘“overtight” is imprecisely under-
stood at present. Other effects in need of re-
search would appear to include health effects
of insulation fibers, effects of humidity on the
durability of materials, and possible conflicts
with both noise control and fire prevention.

Learning by doing

Because quantitative indices (like energy
per degree day) are easily employed to obtain
rough indications of the savings obtained in
retrofit programs, the monitoring of programs
as they occur should be relatively inexpensive
and instructive. Such monitoring can have high
pay-off. In the U.S.A., alone, there are more
than sixty million homes, and in nearly all of
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them retrofitting is warranted. Only a small
proportion of these homes will be retrofitted
each year, and many initially unfamiliar situ-
ations will be encountered again and again. The
first retrofits will not be as cleverly designed
or as cost-effective as those a decade from
now. But improvement will come much more
quickly if provision is made in the early retro-
fit programs for detailed evaluation of the
level of success achieved.

GOAL No. 2. The effective pilot program: To
clarify therole of controlled field experiments
and demonstration programs in the evaluation
of specific retrofits and retrofit packages

Uncertain outer limits of savings

The outer limit of financially sensible con-
servation cannot be probed without an aggres-
sive field program, based on a succesion of
retrofits. First-round retrofits may be expected
both (1) to include some which, upon subse-
qguent evaluation, turn out to have a low return
on investment and (2) to omit retrofits that
have high returns. In our program, unantici-
pated and significant channels for heat loss
revealed themselves only as known channels
were closed off. Even our second round of
retrofits, which appears to have reduced annual
gas consumption to one-third of the pre-
retrofit value, has not exhausted the list of
cost effective retrofits at Twin Rivers.

Uncertain estimates of savings

Without the underpinning of field experi-
ments under controlled conditions, quantita-
tive claims for percentage reductions in energy
consumption associated with specific retrofits
will be and should be viewed skeptically. Our
first-round retrofit experiments with 8- and
16-house samples showed a wide spread in the
size of the effects obtained, not easily attribu-
table to prior differences among houses. Our
standard retrofit package reduced energy con-
sumption for space heating by 15 - 30%, with
interior temperatures unchanged. Apportion-
ing the savings among the components of the
package (addressing attic, windows, and base-
ment ducts) has proved difficult, and effects
are probably not additive. Pilot programs to
estimate savings should not use samples any
smaller than ours.

Uncertain estimates of costs
The dollar costs of retrofits are difficult to
assess, because most retrofits are labor-inten-
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sive yet not very difficult to perform. Costs,
therefore, are sensitive to the treatment of the
residents’ own laborin the accounting. Several
retrofits that have been slow to spread at Twin
Rivers have very low costs if performed on a
do-it-yourself basis. This suggests that one
objective of demonstration programs should
be the investigation of how confidence and
skill can be generated in a community such
that specific labor-intensive retrofits, once
ignited, will be adopted widely.

Early warnings

The side effects of retrofits (see above) are
likely to be visible even in small experiments.
Positive side effects in terms of increased com-
fort were found in the Twin Rivers retrofit
program, when increased attic insulation and
decreased basement duct losses reduced an in-
equality (perceived to be annoying) between
temperature upstairs (cold) and downstairs
(warm). Gaining familiarity with positive and
negative side effects appears a significant rea-
son to conduct controlled experiments.

GOAL No. 3. The role of the resident: To
clarify the role of behavior in energy con-
sumption for space heating

The resident matters

The observed variation in energy consump-
tion for space heating (in townhouses with
identical floor plans, furnaces and appliances)
is primarily assignable to the resident rather
than to structural features that persist inde-
pendent of the resident. Strongest evidence
comes from studies of houses where there has
been a change of owner; new occupants of the
same structure have consumption levels nearly
unrelated to their predecessors. Additional
evidence comes from studies of houses receiv-
ing common retrofits: the rank ordering of
consumption (highest, second highest, etc.)
remains largely intact in spite of major phys-
ical modifications.

Variations among residents

Profiles of the high and low users of energy
have proved to be very difficult to establish.
Relative use of energy in summer correlates
with only a few answers to questions designed
to probe attitudes, preferences, and general
knowledge, posed in questionnaires adminis-
tered to Twin Rivers residents. Attitudes to-
ward expending effort to conserve energy are

particularly salient, as captured, for example,
in the degree of agreement with the statement:
“It is just not worth the trouble to turn off
the air conditioner and open the windows every
time it gets a little cooler outside’. Also signif-
icant are beliefs about comfort and health.
Our questionnaires have been even less defi-
nitive in illuminating the reasons for variation
in winter, other than beliefs about comfort,
Moreover, it is still unclear what specific be-
havior brings about high or low energy con-
sumption for space heating, other than choice
of interior temperature. There is very little
window opening at Twin Rivers in winter.
Opening of outside doors, positioning of inte-
rior doors, and management of drapes are
probably all associated with variations in gas
consumption, but this remains to be proved.

Feedback

Residents of Twin Rivers reduce their sum-
mer electricity consumption by 10 - 15% and
their winter gas consumption by up to 10%,
when information about their level of con-
sumption is supplied on a daily basis in con-
trolled “feedback’ experiments. Such savings
were anticipated by our psychologists, who
look on energy conservation as a problem in
learning new skills., Our results lead away from
the meter in the basement and the bill in the
mail that record consumption in inscrutable
units, The analog of the future meter is the
sportscar’s dashboard, giving consumption (in
money units?) separately for the major appli-
ances, with buttons to reset some meters to
zero, The future bill makes comparisons with
one’s own past performance and with the
current performance of one’s peers.

The response to the “crisis’’

At Twin Rivers, the alteration in the pat-
tern of energy consumption that followed the
“energy crisis” during the autumn of 1973
can be approximated by a one-shot, 10% res-
ponse, occurring during the 1973 - 74 winter,
with no subsequent relaxation but (through
the 1975 - 76 winter) only minimal further
conservation. The response occurred across all
levels of consumption (high users and low
users) and was greater (in amount of energy
saved) in colder weather. The response must
have taken the form, primarily, of lower inte-
rior temperatures, because it occurred too
quickly to reflect retrofitting. The response



may be described as price anticipation, since
the price of gas rose steadily, not abruptly.
(During the period 1971 - 76, the price approx-
imately doubled, in current dollars, and rose
50% in constant dollars.) Alternatively, it may
be described as a prompt response to a pulse
of exhortation and information.

GOAL No. 4. The larger context of space
heating: To clarify the relationship of energy
conservation in space heating to energy con-
servation elsewhere in the residential sector of
the economy

Appliances

Energy conservation in domestic appliances
is receiving inadequate attention, given its
relative magnitude and the potential for retro-
fit and replacement. Over a year, the Twin
Rivers resident spends more money on water
heating than on space heating. (The 8000 kWh
of electricity used annually for water heating
corresponds to 100 GJ of coal or oil consump-
tion at the central station power plant, com-
pared to 80 GJ of gas consumption at the
home furnace, so water heating is also more
costly in energy terms.) Nearly as much dollar
expense and energy consumption is associated
with the combined tasks of air conditioning
and refrigeration as with space heating. A
simple retrofit to the water heater at Twin
Rivers, in the form of a jacket of insulation to
reduce losses from the tank, reduces the elec-
tricity used by the water heater more than
10% and has a payback period of less than a
year,

Systems within a house

Energy conservation in domestic appliances
should not be considered in isolation from
space heating. At Twin Rivers, about 20% of
annual space heating is already provided by
appliance heat, and the potential is present to
reach 40% through improved retention of
appliance heat (especially, waste hot water)
in winter. Appliances, moreover, may be use-
fully coupled together (for example, the refri-
gerator rejecting its heat into the water heater)
so as to reduce energy consumption simulta-
neously for two or more services. We have
been struck by the particular potential for
encouraging such innovation at the time of
construction of communities, like Twin Rivers,
where the builder supplies the basic appliance
package and purchases hundreds of identical
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models at one time. With appropriate subsi-
dies, such communities become laboratories
for field research on appliance systems.

Scale

Consideration of Twin Rivers as a commu-
nity reveals that the residents spent about
2.5 million dollars for gas and electricity in
1975, $800 per dwelling unit in 3000 dwelling
units. The community consumed gas at a rate
of 200 million ft® (6 million m?®) per year and
electricity at an average rate of 6 MW. There
is an obvious need to investigate economies of
scale in energy systems at the 10-house level
(the townhouse building), at the 50-house
level (the street of buildings), at the 300-house
level (the “quad”) and at the level of the com-
munity as a whole (which ~Jso contains shops,
offices, and light industry). Energy end-use
systems at all of these scales are totally absent
at Twin Rivers, with the exception of some
water heating on a 10-unit scale where there
are rented apartments. Several promising tech-
noiogies, among them thermal energy storage
(including annual storage) and on-site cogener-
ation of electricity and heat, might play a
central role in advanced retrofits in commu-
nities like Twin Rivers and might be usefully
assessed in communities where good data at
the single-house level already exist.

Summers

Energy consumption for air conditioning
shows even more variability at Twin Rivers
than energy consumption for space heating.
Moreover, the levels of consumption for air
conditioning and for space heating are uncor-
related across houses. In response to the energy
crisis, there appears to have been no conser-
vation in summer electricity consumption,
half of which is for air conditioning, even
though opportunities for conservation (at the
thermostat, front door, etc.) are as readily
available as in winter space heating.

The modeling of the summer energy balance
of a house is complicated by the absence of
any single term as dominant as the losses due
to conductive heat flow in the winter energy
balance. Yet careful models that include solar
effects, variable air conditioner efficiency,
humidity, appliance heating, and thermal stor-
age are a necessary precondition to the refine-
ment of cost-effective retrofits to reduce sum-
mer electricity consumption.
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Section Il.

Photo Page 1: The Site

Roughly one-fourth of the houses in Twin Rivers,
New Jersey, may be seen in the aerial view shown
(top). Twin Rivers was New Jersey’s first Planned
Unit Development, and its beginnings are associated
with new state and local zoning legislation to permit a
mix of industrial, commercial, and residential struc-
tures, the latter including detached houses, town-
houses, and apartments [1 - 3]. Twin Rivers is gov-
erned as a portion of East Windsor township. In an
average year, the heating degree-days total 4900 °F-
days (2700 °C-days), based on a reference temperature
of 65 °F (18.3 °C).

Also shown (bottom) is the townhouse rented by
our program,. It is located in the townhouse complex
(Quad II) at the top left of the aerial photo, where
most of the other nominally identical townhouses
studied in our program are also found. These town-
houses are of conventional construction, with ma-
sonry bearing walls and wood framing for floors and
roof. They provide approximately 720 £t2 (67 m2) of
space on each of two floors, above a full, unfinished
basement. They sold for approximately $30,000 when
they were built in 1972, and they sell for about
$40,000 now (1977).

A Photographic Tour of the Program

The ten pages of photographs in this Section
were taken by various members of the research
group over the past five years. They should
offer a quick grasp of the program.

Aerial view of Twin Rivers Quads | and Il, looking
south-east. Dark roofs are apartments, light roofs are
townhouses. Circular building in foreground is the
bank, where our weatherstation is located. Geodesic
dome at top is school.

Front view of Quad Il townhouse rented by Princeton.
Masonry firewalls project beyond the structure in
brick. Central projection (with windows of living room
and master bedroom) terminates one foot above
ground level (behind bushes).



Photo Page 2: Identical Houses

This Page shows two thermistors measuring ‘“‘hall
temperature’ above the door to the basement in two
of the more than thirty three-bedroom townhouses
where we have made that same measurement. The
pair of photographs symbolize our attempt to stan-
dardize not only houses but also measurements.
Thereby, experimental artifacts are highly unlikely
to be the source of observed house-to-house variations
in interior temperature, or in appliance use, or in fur-
nace gas consumption [4].

Several further sources of variation are largely
absent in our sample. Nearly all of the families have
small children, typically one when they moved in and
another since. Their townhouse is the first home most
families have owned. Many of the adults grew up in
apartment houses in New York City. About half are
Jewish; 96% are white. Nearly all of the wage earners
are mobile professionals, and many of them commute
to New York City on buses that leave Twin Rivers
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every five minutes in the morning. [The town is one-
half mile (1 km) from Exit 8 of the New Jersey Turn-
pike, and the 50-mile (80 km) trip takes 55 minutes. ]
The annual family income of townhouse owners at
the time of purchase averaged $20,000, and it did not
vary greatly.

However, the residents of Twin Rivers townhouses
are far from a homogeneous population in many other
respects. They differ in their ‘“‘temperature prefer-
ence’’, interior temperatures showing a standard devia-
tion of about 2 °F (1 °C) in winter, They differ in their
commitment to modifying their homes, such that six
years after purchase some of the originally unfinished
basements have dropped ceilings and paneled walls,
while others are unchanged. They differ in level of
knowledge about the equipment in their home, in
their attitudes towards sun and towards dryness, and
in their (at least expressed) concern for saving money.
Psychologists have played a central role in our research
program since 1974, and they have helped greatly in
sharpening the exploration of this wide class of behav-
ioral and attitudinal variables {5 - 11].

Type YSI #44204 linearly-compensated thermistors read temperature above door to basement in hallway of two

"identical”’ townhouses.
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Photo Page 3: Appliances

The bank of electric meters that separates the elec-
tric load into its major components is seen in the
upper photo. Our estimates of the major contributors
to an average annual consumption of 16,200 kWh are:

water heater 8000 kWh/year

air conditioner 2500
refrigerator 2000
range (cooker) 700
dryer 500
other 2500
total 16,200 kWh/year

Also shown (bottom) is a water heater, following a re-
trofit in which two inches (5 em) of foil-backed fiber-
glass insulation are wrapped around the tank. The
payback period for this retrofit is less than one year
[123.

With a gas water heater, care must be taken to leave
adequate air flow for combustion and exhaust gases.

Bank of electric meters in townhouse basement sepa-
rate the usage of air conditioner, hot water heater,
range, dryer, and everything else.

Electric water heater following retrofit. Wrapped in
foil-backed R-7 insulation.
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Photo Page 4: Looking for Trouble

Richard Grot, now of the National Bureau of Stan-
dards and a principal investigator in the research pro-
gram, 1972 - 1974, when at Princeton, is shown ad-
justing the controls of the Bureau’s infrared camera
[13] (below). The equipment is in the master bed-
room. In another such bedroom, when the camera
scanned the ceiling, it picked up a thermal anomaly,
(top right). confirmed to be a missing panel of insu-
lation (bottom right).

Infrared devices have been made smaller and less
costly than the research device shown on this page.
Surface temperature probes, moreover, often can be
substituted for thermography. It is a central and con-
tinuing goal of our research group to assist in the in-
vention of a kit of instruments and algorithms that
can diagnose problems in the thermal characteristics
of a house with minimal time, minimal cost, and mi-
nimal bother to the resident {14 - 16].
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Infrared photo reveals anomalous cold patch in up-
stairs ceiling.

Infrared equipment in master bedroom, being tuned
by Richard Grot, National Bureau of Standards, and
watched by Lynn Schuman (N.B.S.) and owner of
home.

Cause of patch in upper photo is traced to missing
batt of attic insulation.
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Photo Page 5: Heat Distribution

The heat distribution system is a neglected subject
in discussions of energy conservation in housing, but
it offers significant opportunities for productive retro-
fits. Energy as hot air at the furnace plenum is distri-
buted by forced convection through a network of
ducts branching off the plenum and leading to nine
individual registers located next to the outside wall in
each room. The five ducts feeding the downstairs run
along the basement ceiling, while the four ducts feed-
ing the upstairs are embedded in the interior walls
and in the first floor ceiling for about two-thirds of
their length. Inall, 160 feet (49 m) out of the 246 feet
(75 m) of ducting runs along the basement ceiling,
two views of which are seen here.

The entire hot air distribution system delivers only
half of its heat to the rooms via the registers, one-third
of the heat flowing initially into the basement and
one-sixth flowing initially into the interior structure
above the basement. Much of the heat not entering
the living area through the registers nonetheless heats
the living area, and it is not clear whether the flow of
heat into the interior of the structure above the base-
ment (in the spaces between interior studs, for exam-
ple) should be avoided. But the loss of heat to a cold
overhang, seen in these photos before and after retro-
fit, is surely undesirable [17 - 19].

LR
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Living room overhang at time of construction,

Ducts passing into living room overhang, casually
insulated.

Insulation of duct and overhang, part of Princeton
retrofit package C.



Photo Page 6: An Open Shaft

An adverse impact of building codes on energy
conservation is revealed in these photos: an oper
wooden shaft, with a 1.8 £t2 (0.16 m2) cross-section
is built around the flue. Many building codes require
such a shaft to insure that the hot flue is not a fire
hazard. The shaft at Twin Rivers is open top and bot
tom, and thus provides a path of communication fo
air moving between basement and attic. The view (top)
of the shaft from below shows that this flow will be
doubly enhanced when the furnace is firing, because
a duct to upstairs runs through the lower part of the
shaft. This shaft is one of several paths by which heat
can reach the attic, which is unexpectedly warm, in
spite of insulation. One of the less important paths is
through and around the hatch to the attic, shown
(bottom) being given a backing of insulation.

Our retrofit to the shaft is a tight-fitting fiberglass
plug at the attic floor. The temperature at the surface
of the flue at this elevation is about 130 °F (55 °C),
compared to a char temperature for fiberglass of about
800 °F (430 °C). The plug, formed simply by wrapping
the flue with a 4 ft (1.3 m) section of 6 in. (15 cm)
unbacked fiberglass and pressing it tightly into the
opening, not only improves the retention of heat but
also reduces the likelihood that a fire could spread
through the house {20].
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View of open shaft around furnace flue from base-
ment to attic. In foreground duct to upstairs bedroom
passing through first part of shaft. Attic end of shaft
(not visible) will be sealed, as part of Princeton retrofit
package D.

Insulation batt being stapled onto attic floor trap
door, part of Princeton retrofit package A.
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Photo Page 7: Other Open Passages

Additional unintended paths for air flow are created
behind the interior side walls of the living area, as

shown here. As a result of differential settling over -

time, a gap opens up between the floor joists and the
masonry firewall that separates townhouses from one
another (top right). The cross-sectional area for flow
between basement and attic through these gaps ranges
up to 1 ft° (0.1 m2) in the Twin Rivers townhouse.
Access to these passages behind the side walls (bottom
left) is also provided through cracks in the caulking
material that initially sealed the joints between fire-
wall and both front and back walls (center right). The
net effect is to open up paths for the movement of
cold air into the firewall cavity from outside, and then
into the basement and attic through the gaps [21]. In
our retrofit program, we have both recaulked from
outside and stuffed the gaps at attic and basement
with fiberglass (bottom right) [20].

Defects such as the shaft shown in Photo Page 6
and the gaps and cracks shown here apparently de-
grade performance rather uniformly across town-
houses. They have a measurable effect, for their repair
leads to reduced consumption. On the other hand,
these defects cannot be responsible for much of the
observed house-to-house variation in gas used for space
heating, because (1) such defects would be likely to
persist when a townhouse changed owner, but (2) we
have found almost no ‘“‘memory” in a townhouse,
when occupied by a new family, as to whether prev-
iously it was high or low on the scale of relative use
of gas [22].

Gap at time of construction, downstairs.

View of gap from outdoors. Caulking comes away at
wood-masonry joint.

Plug of gap from basement by fiberglass, part of
Princeton retrofit package B.



Photo Page 8: Cold Walls

The National Bureau of Standards’ infrared camera
dramatizes the heat losses at the corners of the house
through the interior walls that parallel the firewalls.
The corner patterns seen on these photos (top right
and bottom right) have proved to be the rule rather
than the exception in inspections of more than ten
townhouses [13]. These patterns shrink (for a given
temperature scale)following retrofit, reflecting warmer
surface temperatures. Much of the information about
surface temperature is lost in these black and white
prints, when compared to the colored thermographs
that clearly distinguish ten temperature levels. (A tem-
perature scale may be discerned at the bottom of the
two infrared photographs.) The surface temperature
of the window in the upper photograph has exceed-
ed the temperature scale; the window is nearly always
the coldest interior surface, even when double glazed.

Cold surfaces are readily perceived by the human
body, as a result of radiative heat loss to these surfaces.
Whereas the window may be covered by a curtain or
drape when it is cold, the cold interior wall is not as
easily dealt with and is widely perceived to be a source
of discomfort at Twin Rivers,

The upper right photograph was the cover (in color)
of the August 1975 issue of Physics Today, to illus-
trate an article [23] giving highlights of the American
Physical Society’s summer study, ‘‘Efficient Use of
Energy”’, held at Princeton in July 1974 [24].

Characteristic corner pattern: cold air flows from out-
side through space between fire wall masonry and
sheet rock panels and merges with warm air from
basement.

Infrared camera scans a corner, with outside wall to
left, wall fronting a fire wall to right.

Infrared photo of same corner reveals interior wall to
be several degrees colder. Dip in the pattern is first
vertical stud, separating two pockets of cold air.



222

Photo Page 9: Air Infiltration

Once a house has wall insulation complying even
with today’s minimal standards, heat losses through
air infiltration usually constitute at least one-third of
heat losses through the shell. Very little is known
about these heat losses, which are driven by outside
weather forcing air through a multitude of cracks —
in contrast to what happens in a modern commercial
building, where forced ventilation is almost entirely
controlled by electrically driven fans forecing air
through clearly defined passages.

Instrumentation to measure air infiltration rates in
houses (top left) has heen developed over several years,
in collaboration with the National Bureau of Standards
[25, 26]. Using the hot air distribution system, about
10 em® of sulfur hexafluoride (SFg) are injected into
the house (whose volume is about 3 X 10° em”, so
that the initial concentration is about 30 parts per
billion), and concentrations are read at regular inter-
vals until the concentration drops by a factor of 2 to
10, when reinjection occurs., The rate of decay of
concentration is a measure of the air infiltration rate.
Measured values range from 0.25 to 2.5 exchanges per
hour, and average about 0.75 exchanges per hour.

The very large exchange rates occur in high winds.
(In fact, the design day for sizing of a home furnace
should be a very windy day, rather than a very cold
day.) To study the pressure distribution at the house
under high winds, scale models were placed in a wind
tunnel (top right). These tests [27] facilitated the
choice of dimensions for a full-scale test of a wind-
break (bottom left). The experiment, performed in
collaboration with the U.S. Forest Service, appears
to have reduced air infiltration rates in westerly winds
by about 0.2 exchanges per hour, according to direct
measurements in one townhouse before and after the
windbreak was erected [28].

Air infiltration is also driven by buoyancy (hot air
flowing out of the top of the house, replaced by cold
air below). Air infiliration rates can approach one
exchange per hour on a very cold day with no wind.
The effects of buoyancy and of wind add in non-linear
ways that have proved difficult to model [29, 30].
But both effects are reduced by attention to the larger
cracks such as those along the metal window frames
(bottom right).

Will well built or well retrofitted houses become
overtight on mild days with little wind? Our group is
currently attempting to make this issue more precise,
and several designs for passive devices to regulate the
air exchange rate have been proposed [31 - 33].
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Wind tunnel smoke test with scale models reveals
sheltering of one house by another,

Air infiltration measurement device, alongside gas
furnace.

Windbreak of trees installed behind highly instru- Kenneth Gadsby installs weatherstripping in sliding
mented townhouses, in collaboration with U.S. Forest panel of patio door, part of Princeton retrofit pack-
Service. age B.
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Photo Page 10: Attics

On a frosty morning, one can tell which attics have
been retrofitted. The middle roof shown here (bottom)
belongs to a house whose attic is untouched, at a time
when extra insulation has been added (top) to the
attic floor of its two neighbors. The frost is maintained
longer on colder roofs, and roofs are colder when less
heat flows into the attic from below.

Thus, therare frosty morning at Twin Rivers offers
the opportunity for advertizing one’s citizenship. It
also provides the opportunity for neighbors to moni-
tor one another and for authorities to monitor every-
one. The latter do not have to wait for frosty mor-
nings, because infrared photography easily picks out
the insulated attic, whatever the weather (as long as
it is cold).

It is not hard to imagine ways in which campaigns
to encourage retrofits by home owners could develop,
such that the protection of civil liberties became a
pressing concern. The attic has been rendered useless
as a storage area by the retrofit shown here, and it is
quite possible that for some residents the choice
between more storage and more fuel conservation
would be decided in favor of more storage. A sensitive
campaign would at least offer a more elaborate attic
retrofit that left the attic more usable, for those who
wanted it. It would, hopefully, also offer the choice
of doing nothing [34].

The retrofits shown on Photo Pages 3, 5,6, 7, 9
and 10 were the principal components of Princeton’s
first retrofit experiment. They were undertaken in
varying combinations and sequences in 31 townhouses
[20].

Blown fiberglass insulation lies on top of original batt
insulation on attic floor, part of Princeton retrofit
package A.

Early morning view of frost pattern on back slopes of
attics of the three highly instrumented townhouses,
at a time when the middle one has not yet received
retrofit package A. Dark color indicates greater heat
flow through roof and less frost formation.
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Section Ill. Some Characteristic Results in Graphical Form

The ten pages of Figures in this Section dis-
till some of our most important quantitative
results. Several also represent innovative meth-
ods of data reduction that others may consider
adopting.

Figure Page 1: Five-year history of nine houses

Four issues central to our research program are
evoked by Figure Page 1: variation across houses, a
performance index for gas consumption in variable
outside weather, conservation in response to the
energy crisis, and further conservation as a result of
our retrofits. The nine houses shown, coded by an
integer label, all participated in the Princeton retrofit
experiment during the 1976 winter. Monthly meter
readings for these houses provide a full record of win-
ter gas use from the date of first occupancy four years
earlier.

Variation across houses

All nine houses are three-bedroom interior units in
Quad-II of Twin Rivers. They have identical floor
plans, furnaces, and basic appliance packages. Yet the
gas consumption in House 4 is seen to be a bit more
than twice the gas consumption in House 7 in each of
the first two winters of occupancy. The same houses
are ‘“‘high” gas consumers, winter after winter, with
only minor changes in rank ordering. A glaring excep-
tion is the plunge of House 1 from highest to lowest
between the winters of 1975 and 1976, which corres-
ponded to a change of owner in House 1 during the
1975 summer, the only change of owner over the five
years for the nine houses.

Performance index

The vertical scale has units of energy per degree
day; a central finding of our research program is that
such an index is adequate for most discussions. The
calculation of degree days in the U.S.A. is usually
done relative to a reference temperature of 65 °F
(18.3 °C), and such a reference temperature is also
adequate. It is always safer, however, to do compa-
risons for the same average outside temperature, as is
essentially the case when entire winters are compared.
Comparisons of gas consumption for two periods with
differing outside temperature may be made more
accurate by fitting simple curves to previous data for
such houses. At Twin Rivers, winter gas consumption
for the average townhouse is found to be nearly di-
rectly proportional to (R — T'), where T is the average
outside temperatureand R = 62 °F = 16.7 °C. A simple
adjustment to the index that reduces its sensitivity to
outside temperature can therefore be devised; it is
applied here for the data of the two fragments of the
1976 winter before and after retrofit.

Energy crisis

All of the houses shown here reduced their gas
consumption between the 1973 and 1974 winter, in
response to the ‘“‘energy crisis’’ of the autumn of 1973.
A new plateau was established in the average consump-
tion, one that persisted until the Princeton retrofit.

Princeton first-round retrofit

The performance index of the average of seven
houses coded 3, 4, 7, 8, 10, 11 and 14, having dropped
from 17 ft3/°F-day to 15 ft3/°F-day following the
energy crisis, was brought down to 10 ft3/°F-day by
Princeton’s first-round retrofit package [20]. (In SI
units, it fell from 33 to 28 to 20 MJ/°C-day.) The
retrofit package had only a small effect on the rank
ordering of the nine gas consumers, however, suggest-
ing that faults in house design addressed in the retro-
fit package probably do not play a significant role in
creating variability in gas consumption, but rather
have a relatively uniform effect in degrading building
performance.

A second round of retrofits has been performed on
one townhouse, featuring thermal shutters on the
windows. Combined with the first-round retrofits, it
appears to have reduced annual gas consumption to
about one-third of the pre-retrofit level [35].
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Figure Page 2: Variation in gas consumption

This page presents two histograms (a sample and
one of its subsamples) that are characteristic of our
data. The gas consumption plotted here is the average
of two six-month winters (November 1971 to April
1972 and November 1972 to April 1973).

The large sample differs from the small sample in
that: (1) the large sample contains units with two,
three, and four bedrooms; all units in the subsample
are three-bedroom units, with common floor plan;

(2) all compass orientations are found in the large -

sample; all units in the subsample face either east or
west; (3) units in the large sample occupy both inte-
rior and end positions in the townhouse row; all units
in the subsample are interior units; (4) units in the
large sample differ in amount of double glazing, an
option at the time of purchase; all units in the sub-
sample have double glazing throughout. As expected,
variability is reduced when these four variables are
held constant. Winter gas consumption for space heat-
ing varies by more than three-to-one for the large
sample (209 townhouses), by two-to-one for the sub-
sample (28 houses), and the ratio of the standard
deviation to the mean drops from 0.22 to 0.14.

The variability in both samples is one of the star-
tling results of our program. Natural gas is used exclu-
sively for space heating, so that the entire variability
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must reflect variations in the structures or in the way
people use those structures. The reduction in variation
in passing from the large sample to the subsample can
be apportioned among the four physical variables just
described, using the methods of linear regression anal-
ysis. Double glazing, averaged over the winter, is found
to reduce the rate of gas consumption by 14 + 4 W/m
of double glass installed, or 4 + 2% for a three-bed-
room unit (194 ft2, or 18.0 m? of glass), about half
of the 9% savings predicted by heat load calculations.
The 13% penalty for the end wall, the 9% penalty for
the interior four-bedroom unit, and the 26% benefit
for the interior two-bedroom unit, relative to an inte-
rior three-bedroom unit, are close to the values ex-
pected from heat load calculations. Orientation effects
are buried in the statistical noise, an indirect conse-
quence of nearly equal glass area front and back {36 -
38].

The remaining variation confounds a conventional
approach: the usual computer programs make no
allowance for variable patterns of use and would
predict a single value for the gas consumption of the
28-unit subsample. Evidence that factors specific to
the residents, rather than to the dwellings, are respon-
sible for most of the variation in such subsamples has
been obtained by comparing gas consumption in two
different winters for houses having the same owner
and houses having two different owners [22, 38].
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Average gas consumption over two six-month winters (1971 - 72, 1972 - 73)



Figure Page 3:
The pattern of response to the energy crisis

The short-term response to the energy crisis is ren-
dered in a striking fashion by the two cross plots in
these Figures. Here gas consumption for the four-
month winters of 1972, 1973 and 1974 are compared,
using the gas meter readings for the split-level town-
houses in Twin Rivers (a set of townhouses adjacent
to those from which all other Figures in this Section
are drawn). At the nearby station of the National
Weather Service at Trenton there were, respectively,
3291, 3151 and 3251 °F-days during each four-month
period, and so one might have expected a drop in con-
sumption of 4% from the first winter to the second
and a climb of 3% from the second winter to the third,
if outdoor temperature were the only determinant of
consumption.

The cross plots tell a different story. The winters
of 1972 and 1973, plotted against one another in the
upper cross plot, both preceded the energy crisis; the
houses (each a dot on the graph) scatter nearly sym-
metrically about the straight line, on which gas con-
sumption is the same in both winters. The two winters
plotted in the lower cross plot, 1973 and 1974,
straddle the ‘‘energy crisis’’ in the autumn of 1973;
the pattern of the upper cross plot is displaced down-
ward, corresponding to conservation of roughly 10%
of expected gas consumption in 1974 [39, 40].

Conservation in 1974 is seen to take place among
high users and low users to roughly the same extent,
with individual users varying greatly in the degree of
response. The ratio of variance to mean, in fact, re-
mained unchanged by the crisis. The extent of varia-
tion in any single winter is comparable to that dis-
played in the histograms on Fig. Page 2.
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Figure Page 4: Conservation and price

The upper graph shows the price of natural gas paid
by the Twin Rivers resident, which approximately
doubled, in current dollars, from 1971 to 1976. The
lower graph shows the reduction in average rate of
gas consumption (normalized by degree days) that
has accompanied the rising price.

The price shown is the price for the last block of
the rate structure, and applies to all gas consumption
above 5 million Btu (50 therm, or 5.1 GJ) per month.
This is the marginal rate faced by all Twin Rivers resi-
dents, in December through March, and by all except
a few very low consumers in the months of Novem-
ber and April; this is, therefore, the traditional price
for economic analysis. It is seen to be the sum of two
components, a regulated price, revised once or twice
a year by the New Jersey Public Utility Commission,
plus a fuel adjustment, computed monthly, by means
of which short-term changes in the price paid by the
utility for gas are passed through to the customer.
The price shown is not adjusted for inflation. One
regional price index (Consumer Price Index — City
Average, as reported in the Monthly Labor Review, a
monthly index covering New York City and Northern
New Jersey) climbed from 128 to 170 from Novem-
ber 1971 to November 1975 (relative to 1967 = 100).
The marginal price rise by a factor of 2.0 in current
dollars in the four-year interval is, thus, a rise by a
factor of 1.5 in constant dollars.

Plotted against the marginal price (in current dol-
lars) in the lower graph is the gas consumption rate,
averaged over 151 Quad-II townhouses (a sample that
excludes houses that have had a change of owner).
The rate is normalized by dividing by degree days (with
65 °F = 18.3 °C reference temperature); the resulting
performance index drops from 17.8 ft3/°F-day (34.5
MJ/°C-day) to 15.7 ft3/°F-day (30.5 MJ/°C-day) in
five years, adrop of 12%, much like the drop observed
for the seven-house average in Figure Page 1.

Based on the data for the winters of 1972 and
1975, a four-winter elasticity of demand of —0.5 may
be computed, the ratio of an increase in marginal price
(in constant dollars) of 23% and a reduction in the
performance index of 11%. The pattern of consump-
tion versus price, however, is inconsistent with a cons-
tant elasticity of demand operating for the whole
interval, because most of the reduction in demand
occurred in the winter immediately following the
crisis, whereas most of the increase in price occurred
later. One may describe the pattern of the lower graph
equally well as price anticipation or as a fast response
to the pulse of exhortation that characterized the
1974 winter. It is significant that no deterioration of
the performance index is observed since the energy
crisis, in contradiction to a frequent prediction that
over time the residential consumer would ‘relax”
[40,41].

Following the energy crisis Twin Rivers residents
appear to have reduced their electricity consumption
marginally, if at all. Thisresult confounded our expec-
tations, as the price history for electricity has been
similar to that for natural gas and strategies to reduce
electricity consumption appear to be no more difficult

to execute. Median winter electricity consumption
was down 6% in 1974, relative to 1972 and 1973, an
effect that vanished when mean values were compared.
Summer electricity consumption was at the same level
in 1974 and 1975 asin 1972 and 1973, when periods
of equivalent cooling degree-days were compared.
These results strongly suggest that levels of air condi-
tioning were not curtailed following the energy crisis
[40,42].
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Figure Page 5:

Outside temperature: the critical variable

The average rate of gas consumption of 16 town-
houses later to be retrofitted by Princeton is plotted
against the average outside temperature in the Figure.
The monthly data shown covers three winters of six
months each. The first two winters precede the
“energy crisis”’, and the twelve data points fit a single
straight line extraordinarily well. The last six data
points correspond to months of the 1974 winter, and
the conservation of gas at Twin Rivers during these
months reappears here. The amount of gas conserved
is seen to be largest in the coldest months, a pattern
confirmed in studies of a larger sample of houses and
one inconsistent with a constant reduction of interior
temperature throughout the winter. The reduction of
interior temperature, relative to the previous two years,
appears to have been 4 °F (2 °C) in the colder months,
but only 1 °F (0.5 °C) in the milder months [18, 41].

A linear relationship between gas consumption and
outside temperature is not unexpected. It follows,
for example, if the auxiliary heating from the sun and
the electrical appliances, the average air infiltration
rate, the furnace efficiency, and the interior temper-
ature are all constant over months, and in fact none
of these varies substantially at Twin Rivers. A pro-
longed investigation of solar, appliance, furnace, and
wind effects has led us to the following energy balance
in the Twin Rivers townhouse: (1) appliances, people,
and sun lower by 10 °F (5.6 °C) the temperature at
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which the furnace is required for space heating, from
72 °F (22.2 °C) (the interior temperature, now cons-
tant) to 62 °F (16.7 °C); of the total, 6 °F (3.3 °C)
represents auxiliary heating from appliances and
people and 4 °F (2.2 °C) represents solar heating; (2)
the efficiency of the furnace, as a converter taking
chemical energy from gas and delivering heat to a
volume defined by basement plus living area is about
70%; (3) the heat losses, by which the heat from fur-
nace and auxiliary sources is dissipated, are distri-
buted: 40% by air infiltration, 30% by conduction
through windows, and 10% each by conduction
through attic, walls, and basement. The heat loss rate
is roughly 640 Btu/h °F (340 W/°C), when long-term
(monthly) data are considered [21, 35, 37,43].

For most house-furnace systems in most locations,
a linear relationship between the energy consumption
for space heating and the outside temperature, similar
to the plot below, should represent the data quite well.
Then the determination of two parameters (slope and
intercept) from an analysis of data for various outside
temperatures will suffice to make useful quantitative
statements about conservation strategies [44]. In a
few special situations, such as houses with heat pumps
(whose efficiency drops with colder weather), three-
parameter fits to the data may be warranted. Field
determinations of the parameters in simple models of
energy consumption can form the core of an effective
retrofit program, helping initially in choosing among
retrofits and later in verifying the degree of success of
those implemented [ 45 - 47].
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Figure Page 6:
Savings due to first-round retrofits

The display of house-by-house gas consumption in
the Figure opposite provides an accurate view of the
effectiveness of the retrofits installed in the Twin
Rivers townhouses, as confirmed by subsequent more
detailed analysis. A performance index, gas consump-
tion per degree day, is calculated for each house for
time intervals on both sides of a period of retrofit,
and a cross plot is constructed with the “‘before’ and
“after’’ indices as coordinates. It is desirable for the
weather to be as nearly the same in the two time in-
tervals as possible; here the outside temperature aver-
aged 34.5 °F (1.4 °C) in the six-week period before and
36.7 °F (2.6 °C) in the three-week period after the
one-week period of retrofit.

Our experimental design simplified the interpreta-
tion of the cross plot. Eight of the sixteen houses were
left untouched (the control group), while the other
eight received differing combinations of the compo-
nents of the full retrofit package. The cross plot
strongly suggests that all of the retrofits had some
effect, that the relative effectiveness, in terms of
amount of gas conserved, is window treatment (smal-
lest), then basement treatment, then attic treatment
(largest). The combined winter savings appear to be
up to 30%, relative to a control group manifesting a
slightly larger rate of consumption ‘““‘after’ than ‘‘be-
fore” [12, 18]. Summer conservation appears to be
very small, for reasons not fully understood [48].

More detailed analysis has revealed two pitfalls in
this method of winter data reduction, First, spurious
effects of house orientation are easily enhanced in
such cross plots, making it necessary to take care when
the sample of houses contains a mix of orientation. In
the Figure here, Houses 7, 9, 10, 11, 13 and 16 are
oriented east and west, and the sun systematically
shifts them downward on this plot, relative to the
other houses [nine oriented north and south, one
(House 5) oriented northeast and southwest]. This
shift is a special case of the following solar effect: in
periods of comparable sunniness, the sun improves
(lowers) the performance indices of houses with east
and west windows by an amount that becomes increas-
ingly significant the further from December 21 the
time interval under assessment; no comparable en-
hancement occurs for south windows, the effect of
longer days being almost exactly cancelled by the
effect of a higher sun. In the assessment of the Prince-
ton retrofits, the inclusion of this solar shift turns out
to reduce estimates of the savings by about ten per-
centage points [49].

The second pitfall of calculating the percentage
fuel saved for a short period in midwinter is not recog-
nizing that the percentage fuel saved over the whole
winter will generally be larger. There are two conse-
quences of improving either the tightness of a house
or the thermal resistance of its shell: not only does
less heat flow out of the house at each outside tem-
perature, but also the auxiliary heat generated by sun,
appliances, and people is more effectively retained.
The second effect leads to a shortening of the heating
season, i.e., to a 100% reduction in amount of gas
consumption required on certain mild days. The per-
centage reduction in gas consumption resulting from
most retrofits will be smallest in coldest weather, and
the annual average reduction will be that of a stretch
of average winter days rather than that of a stretch of
cold ones. Given data for a limited period, the accom-
plishments of a retrofit over a winter can, however,
be estimated quite accurately with a simple model of
daily winter temperature (and, possibly, sunlight and
wind).

Of course, one is not likely to have to contend with
either of these two pitfalls if one has a full yeéar of
data “before’” and “‘after’ a retrofit, but this requires
a long wait for results.
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Figure Page 7: Details of interior temperature

Four interior temperature traces are shown in each
of the figures below. Three eycles of furnace operation
last approximately two hours, during two cold winter
nights, one before and one after Princeton’s full retro-
fit package was installed in this townhouse,

The following results of the retrofits may be dis-
cerned: (1) the basement has become 5 °F (3 °C)
colder; (2) the basement temperature rises less sharply
and less far and it falls more slowly; (3) conversely,
the downstairs temperature rises more sharply and
further, and it falls more rapidly; (4) the upstairs and
the downstairs temperature have become much more
nearly equal, the downstairs having previously been
2 °F (1 °C) warmer. The basement retrofit is respon-
sible for the first three effects: insulation of basement
ducts means less heat lost to the basement and more
heat delivered immediately to the living area through
the registers rather than delivered slowly through the
basement ceiling. The fourth effect, a warmer upstairs,
is brought about principally by the attic retrofit, which
reduces the heat flow through the attic and upper side
walls [50].

A detailed look at a single furnace cycle reveals
significant information about the furnace controls.
The temperature inside the thermostat (located down-
stairs) rises far more steeply (1 °F, or 0.6 °C, per
minute) than the temperature in the rooms. The dif-
ference in rates of climb is reflective of a resistive
heating element within the thermostat, the ‘“antici-
pator”’, that is active when the furnace is on and shuts
off when the furnace shuts off. The length of time
the furnace will ‘fire during any cycle (for a given
“dead band’’ on the thermostat) is seen to be more
sensitive to changes in the size of the resistance in the
anticipator than to changes in the size of the furnace.

It is often argued that furnaces are oversized. The
upper Figure shows that, when the outside tempera-
ture is 36 °F (2 °C), this Twin Rivers furnace runs for
7 minutes (while the temperature within the thermo-
stat rises 7 °F, or 4 °C), then stays off for 33 minutes,
thereby firing only 18% of the time. Such a furnace is
oversized by any usual criteria. The case against “over-
sizing’’ is a very loose one, however, grounded in a
vaguely formulated case against ‘‘transients’’ in furnace
combustion and in duct heat transfer. Moreover, such
transients can be reduced, without changing the frac-
tion of time that the furnace is on, either (1) by in-
creasing the deadband at the thermostat, or (2) by
reducing the rate of heating by the anticipator. Both
are more modest changes than resizing the furnace.

The penalty for making such changes at the controls,
however, is a larger temperature rise within the rooms
during a furnace cycle, with possible adverse conse-
aquences for comfort [18, 19].

The anticipator setting in the Twin Rivers thermo-
stat (and many others) is easily adjusted by an acces-
sible lever. It is not at all clear exactly where the lever
should be set, however, so it may be just as well that
hardly any resident knows the lever is there.

The data here were logged by an acquisition sys-
tem belonging to the National Bureau of Standards,
capable of scanning 20 data points per second. The
system can collect data either periodically (as here,
once a minute) or in an event-activated mode [16].

ke
- THERMOSTAT TEMPERATURE 4258
n

~
I’
T

CENTIGRADE

)
<

PECRELS FAHRENHEIT
DEGREES

m
T

THERMOSTAT SETTING

OUTSIDE: 36F ( 2C); WIND: 6 MPH (IOKM/H)
4
L ¢ s

P S T | -t Y
2:40 3:00

. —
1:20 140 2:00 2:20
NOVEMBER 28, 1975

{a) Room and basement temperatures before retrofit

8 - THERMOSTAT TEMPTRATURE
\ " l’l -
i\ N 2
PR I i

- o P PN 24w
= _ K pownstalrs! ¥ [N AN 8
¥ 74k, N ' i \ <
I r, , ] i M o«
] ! ! 1 2
3 ! .-
< 1 X i
@ ' Jez ©
@ »
& w
& 70 e &
2 A0 | ¢ w
& A, i M 7 A a

[ Vi / o oA e

/ ouTsiDE: 33% ( 1%)
THERMOSTAT SETTING BASEMENT 19
66 WIND: 3 MPH (5KM/H)
A 1 R S S S 1 U

s [
0:40 100 1:20 1:40 2:00 2:20 2:40
JANUARY 8 ,1976

(b) Room and basement temperatures after retrofit



233

Figure Page 8: The attic temperature index

The attic temperature is particularly easy to mea-
sure, and we are convinced that it is also particularly
informative, if one is seeking to characterize the ther-
mal properties of a house. In many cases this temper-
ature is an immediate index of the quality of the ther-
mal system which isolates attic from living area. The
homeowner can monitor attic temperature before and
after an attic retrofit to obtain a nearly immediate
assessment of its efficacy.

An attic temperature at night predicted from a
simple linear model is compared with the temperature
actually observed, for three attics, in the Figure below.
Two of the three attics had been retrofitted (floor
insulation added and air passages from basement
blocked) between the period of time during which the
parameters of the model were established and the
night shown here. The third attic (House 1) was un-
touched. The retrofitted attics are seen to be 10 °F to
14 °F (6 °C to 8 °C) colder than predicted, the ex-
pected result of better isolation of the attic from the
living area; the attic of House 1 is seen to have the
expected temperature, within 1 °F (0.6 °C) [45, 51].

The linear model used in these predictions involved
only upstairs temperature, outside air temperature,
and wind velocity. Parameters are established using
standard linear regression techniques. The model has
been found to be broadly useful, in extensive tests.
The parameters in the model, however, have turned
out not to be easily interpretable in terms of the ther-
mal properties of the building materials in the town-
house, an unexpected result. The attic is much warmer,
both before and after retrofit, than was anticipated.
Detailed investigation of air flow and thermal storage
in the attic is under way to establish the detailed cor-
respondence between the parameters of the modei
and the physical properties of the attic. Large, unex-
pected channels for heat flow into the attic that by-
pass the attic insulation have been found. It is becom-
ing clear that retrofits which block these channels are
even more cost-effective than conventional attic insu-
lation [21, 52 - 54].

Linear regression models have been developed for
other variables, notably the air infiltration rate and
the rate of gas consumption, with the same expecta-
tion that the parameters in these models may be use-
ful numerical surrogates for complex physical effects
[55, 56]. This approach has enabled us, for example,
to model buoyancy-driven and wind-driven air infil-
tration [30] and to produce simple measures of the
effectiveness of solar heating through windows and
walls. We expect that, very generally, field assessments

of the quality of a building and the priorities for its
retrofit will rely heavily, in the near future, on the
determination of the parameters in such relatively
simple models, and on the comparison of such para-
meters against norms determined by experience to be
desirable [43, 57 - 59].
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Figure Page 9: Gas and electricity

Gas consumption and electricity consumption are
superposed in two different ways in these Figures.
The upper Figure presents the thermal energy content,
at the house, of the chemical energy in the gas and the
electrical energy in the wires. The lower Figure pre-
sents the fossil fuel energy consumed by the economy
to provide the gas and eléctricity: to do this, the elec-
trical energy is simply weighted by a factor of three,
which approximates the conversion inefficiency of
the electric power plant, while the gas energy is left
unchanged. (A complete consideration of conversion
losses would include various 10% effects, like the
energy to pump the gas from the wellhead and the
energy lost in electric power lines and transformers.
Slightly larger multiplicative weights would result.)

The rates of energy consumption across months
shown here are averages over the 248 two-floor town-
houses in Quad Il at Twin Rivers. In these townhouses,
gas is used exclusively for space heating (and, rarely,
for outdoor barbecues). Electricity is used for all other
purposes. We use data on gas and electric consumption
from 1973, and we normalize the variable (and non-
coincident) periods between meter readings to 30-day
periods.

The upper Figure is appropriate for judging the
significance of the electrical energy consumed by
appliances as an auxiliary source of space heating,
relative to the gas consumed by the furnace. In the
mild months of April and November, the energy con-
tent of the electricity is roughly 35% of the total
energy consumed at the house, and even in the cold-
est month, February, it is 20%. The second role for
electric appliances as auxiliary sources of residential
heating needs to be addressed in an overall program
of residential energy conservation. Considerations of
appliance location and heat recovery are relatively un-
familiar, for the relative role of appliances in residen-
tial space heating has only recently grown to the levels
shown here. Our detailed studies suggest that the po-
tential for increasing the fraction of the heat recov-
ered from appliances is a task comparable in signifi-
cance to the task of increasing the effectiveness of
the heat source represented by the sunlight striking
the building.

The bulge in the summer months in an otherwise
flat electricity profile represents consumption by the
air conditioner; the air conditioner accounts for nearly
half of total electricity consumption in July and
August. The summer gas consumption (7 hundred
cubic feet, or 0.8 GJ, per month) is attributable to a
single pilot light on the furnace, shut off in very few

houses, a heat source equivalent to a 300 W bulb
burning continuously. As the upper Figure shows,
this is about 20% of the energy consumption rate
from electrical appliances other than the air condi-
tioner. Minimizing the ‘“‘second role” of gas and elec-
tric appliances in summer, as sources of unwanted
heat, requires strategies complementary to those
designed to retain winter appliance heat.

Summing over the twelve months yields annual
totals: 780 hundred cubic feet (800 therms, or 84 GJ)
of gas and 16,200 kWh (58 GJ) of electricity con-
sumed in the average townhouse.

The lower Figure is appropriate for judging the
drain imposed on natural resources by space heating
relative to that imposed by the electric appliances.
Roughly one-third of the fossil fuel combustion re-
quired to “power” the Twin Rivers townhouse for a
year occurs at the furnace and two-thirds at the elec-
tric power plant. Moreover, as the relative dollar costs
paid by the resident closely parallel the lower Figure,
it also is appropriate for judging the drain on the
pocketbook. A cost profile over months that has two
nearly equal winter and summer peaks is characteristic
of most gas heated, electrically air conditioned houses
in a climate like New Jersey’s [18, 38].
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Figure Page 10: The water heater

The electric water heater uses 8000 kWh of elec-
tricity over the year in an average Twin Rivers town-
house, roughly half of the total electricity. The annual
cost of electricity for hot water (about $300 in 1975)
exceeds the annual cost of gas for space heating (about
$220 in 1975). The provision of hot water, clearly,
merits attention!

The Figure below shows the distribution of elec-
tricity consumption over the hours of the day, for
three water heaters. The data for each hour, in these
“load profiles”, are obtained by averaging the con-
sumption during that hour for 97 winter days in 1975.
Electricity consumption is seen to be very uneven,
with peak to trough ratios exceeding 10 to 1. More-
over, the peaks occur at nearly the worst possible
times, from the point of view of the electric utility
system — not during the nighttime hours when the
system is operating its least costly baseload plants,
but rather during the morning and evening, when the
system is operating its more expensive (and less effi-
cient) peaking capacity [60].

The electric consumption of the water heater can
be approximated by the sum of two terms: (1) con-
tinuous consumption at a rate of about 200 W, com-
pensating for the steady loss of heat into the basement
through the poorly insulated sides of the tank (visible)
as the minimum level of consumption between mid-

night and six a.m.) and (2) intermittent consumption,
averaging 700 W, occurring nearly simultaneously with
the use of hot water in the house. Assuming that the
water is heated from 60 °F (15.6 °C) to 145 °F (62.8°C)
before use, 700 W corresponds to 80 gallons (0.30 ma)
of hot (145 °F, or 62.8 °C) water consumption per
day.

The Twin Rivers water heater contains two 4.5 kW
heating elements, only one of which is on at a time.
These enable near instantaneous response to demand
for hot water, but evidently with the result that the
water heater operates only 0.9 kW/4.56 kW = 20% of
the time. The capacity of the water heater, 80 gallons,
is approximately equivalent to one day’s use, so shift-
ing the time of heating to off-peak hours, with such
large heating elements and a well-insulated tank,
should not be difficult. Time-of-day pricing, to be
sure, would provide an incentive to do so.

Approaches to energy conservation in water heating
include (1) improving the insulation on the tank (see
Photo Page 3), (2) lowering the thermostat setting at
the tank to reduce tank heat losses, (3) providing heat
exchange between incoming cold water and waste hot
water, (4) capturing heat rejected by appliances, like
the refrigerator, (5) capturing heat vented up the fur-
nace flue, and (6) capturing solar energy. A combi-
nation of the six strategies (in conjunction with stra-
tegies, like faucet design, that reduce water consump-
tion directly) should permit energy consumption at
the water heater to be eliminated entirely [61].
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