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This report bears the number R-51 in the report
series of the Center for Environmental Studies,
Princeton University, Princeton, New Jersey, and the
number ERG 77/19 in the series of the Energy Research
Group, . Cavendish Laboratory, University of Cambridge,
Cambridge, England. = It is the opening article of
Vol; 1, No. 3 of the new journal, Energy and Buildings
(published by Elsevier Sequoia, S.A., Lausanne,
Switzerland), an eleven-article issue dedicated to
the Twin Rivers research program. = These eleven
articles are also being published as a book,

Saving Energy in the Home: Princeton's Experiments

at Twin Rivers: (published by Ballinger Press, Cambridge,
Mass.). -There are minor differences among all of

these versions.




ABSTRACT

Key results and conclusions of a field study of residential
energy use, now in its sixth year, are reviewed. Qur multi-
disciplinary research is being undertaken in a set of nominally
identical townhouses in Twin Rivers, New Jersey, a recently
built community of standard construction with gas space heating,
electric central air conditioning, and a full get 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 baseline, 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 experiments: 1) experiments
where a set of modifications (retrofits) are made to the
building structure,; and 2) experiments where '"feedback! 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 understanding 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 program since its inception.
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INTRODUCTION

Since July 1, 1972, our research group in the Center for

Environmental Studies at Princeton University has been engaged in an
enterprise to document, to model, and to learn how to modify the
amount of energy used in homes. The prinéipal 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.J., twelve miles (19 km) from our campus,
where about 12,000 people are living in approximately 3,000 homes.
Our group has monitored the house construction, interviewed many of
those responsible for energy-related decisions in the planning and
construction phase, formally surveyed and informally interacted with
the residents, obtained a compléte record of monthly gas and electric
utility meter readings, built a weather station at the site, and
placed instruments in thirty-one townhouses (all identical in floor
plan). Omne 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 Department of Energy (pre-
viously, Energy Research and Development Administration) since 1975.

Section I of this report,"Principal Goals and Conclusions,”

presents our major messages 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 heating.

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 usuéliy numerous. ways
of reducing eﬁergy consumption in real houses that are at least as
cost effective as those that téxtbook models prescribe, and that can
best be detected on site. We envision the evolution of cadres of
workers with various levels of on-the-job training -—- workers having
various employers, including themselves.

Diagnostic téols for these workers must .include both simple
metho&s of measurement and simple methods of data reduction. For the
most part these do not exist. Our research program has addressed the
question: Given an hour or a day in a house, and the objective of
advising on the most eﬁfective 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, subsidized projects where a set of houses are modified

and the resulting changes are monitored and interpreted.




Qur data confirm the significance of resident behavior in
determining energy consumption.  We have been testing ways of helping
the resident to conserve by providing feedback, and we have obtained
some clues about attitudes and beliefs that differentiate residents
according to level of energy use.

Although most of our conclusions bear particularly on energy
conservation in space heating, several conclusions emphasize that
space heating must be considered in the context of all uses of energy
in the house - - especially in the United States, where energy used
by appliances has been increasing much faster than energy used by
heating systems. This report does not explore the still 1argér
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 appreciate that successful implementation of programs
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 research and development funds in end-use
technologies, relative to production technologies, 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.



0f the many reports generated in our research program, this is .
the one most directly aimed at the concerned citizen who needs a distillation
of results and a general impression of how they were obtained. Those
interested in experimental design, in the methodologies of data reduction,
and in instrumentationkare advised to turn to the extensive documentation
in our.other reports, sixty-one of which are 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 pf the effort already expended. The concluding Acknowledgements
begin to aésign the credit due my colleagues for leadership, imagination,
and sheer ‘hard work. There can have been few programs as interactive
acfoss disciplines and as freewheeling in choices of problems pursued.

quldings and energy is-an established field, but one
acknowledged, first of all by its practioners, to be in need of new
blood. The fluidity of our own program these past six yeafs was
fostered deliberately by both ourselves and our spomsors, in order to
enhance the likelihood 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.

More ‘than aﬁy of us expected, our program at Twin Rivers has
been productive of insights into what lies ahead as the world gears up
to increase the energy efficiency of its housing stock, We are struck
most particularly with the extraordinary payoff from gaining control
of the great variability that plagues this subject by focusing on a
single site for an extended period of ‘time and by bringing to bear

the standard operating procedures of several disciplines at once.




The initial idea of a strongly controlled experiment conducted
over an extended period of time was imitative on our part =-- it was
borrowed from the extraordinarily successful experiments in ecosystem
performance and stress that have been conducted for more than tWenty
years by‘H. Bormann, G. Likens, and other ecologists at a single site,
the Hubbard Brook Experimental Forest in New Hampshire. Perhaps
the Twin Rivers study will come to hold a comparable place
in ‘conservation research; this partly depends on not totally abandoning
the site now that we know many of its most important physical features.

Twin Rivers is a normal place, in terms of construction practices,
and its buildings are of few types, with certain basic units repeated
hundreds of times. Its residents are in the population targeted by
many of the programs to conserve energy ~- young, reactive, and
buying now the machines that will go on consuming energy for tem to
twenty years. These characteristics of Twin Rivers have enhanced our
research. But many other sites exist where all this is true. "Twin
Rivers'" should be done again, in other kinds of houses, in other

climates, in other cultures.






Section I. Principal Goals and Conclusions

GOAL No.l The effective retrofit: To clarify the technical requirements

for an effective national program to retrofit the existing housing stock to

reduce the energy consumption for space heating.

Conclusions

1.1 Real houses An effective retrofit program must emphasize measure-~
ments in actual houses. The textbook idealization of houses as simple shells
with well defined levels of insulation, which underlies nearly all legislation
and regulatory activity, has serious shortcomings. This idealization directs
attention almost 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,
attentior must be directed more widely. Real houses reflect a haphazard
accommodation to efficient 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 difficult to appraise in
the field frequently should become the first order of business.

For example, one target for the field assessment of the thermal performance

of a building will be the semiexterior volumes, those volumes 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 percent of the
volume of the living area, is frequently warmer than the living area in winter
and colder in summer, because it contains the furnace 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 retrof‘
In other dwellings, semiexterior spaces might include hallways, crawl spaces,
and attached garages.
Other targets for a field assessment of thermal performancekinclude:

. the levels ‘and paths of air infiltration

. the heat distribution system and its ‘controls

. the performance of the windows as solar collectors

. the fraction of appliance-generated heat recovered within

the 1ivingkareé.

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.

1.2 Diagnostic methods - Cheap and simple diagnostic field tests can

be devised to determine those parameters of a house which help discriminate

among rvetrofit strategies. We have shown, for example, that the éfficiency

of delivery of ‘heat from a furnace can be clearly separated from the quality

of heat retention by the shell of the house, when an electric heater is run
intermittently in the house for a test period to modulate the heating

ordinarily provided by the furnace, Such-a test can help decide whether to
emphasize the furnace or the shell in a retrofit program.: Other tests being
pioneered in our research include 1) on—ﬁhe—spot measurements of: air infiltration
rates, either by bag sampling or by continuous injection ‘to maintain a constant
concentration of tracer gas, 2) rapidkassessments of the effectiveness of

attic insulation by simultaneous reading of interior, attic, and outside

temperature, 3) measurements of heat capacities by regular readings of interi‘

temperature as'it "floats! with the furnace shut off, and 4) assessments of



furna~e and distribution system by frequent (once-a-minute) tem@erature
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 prograﬁs’more than

adequate to reduce output to useful form.

1.3 Performance indices Energy consumption in housing can be usefully

discussed in terms of a simple performance index analogous to the miles per
gallon (or, more precisely, gallons per mile) performance 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 (megajoules per Celsius degree-day)
in SI units, or at about

15 c£/°F -day (cubic feet per Fahrenheit degree-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 sérious than we had expected, and no more serious 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 durationbof the measurement is shorter,
but straightforward modeling procedures can be used with considerable confidence
to extract the performance index from data obtained in milder weather or over

shorter periods of time. TFor example, we have found average monthly gas
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consumption at Twin Rivers to be more nearly proportional to é modified measure .
of degree days, where a "best" value of 62°F (16.7°C), estimated from our data,
is used as the reference température 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 ﬁemperature that must be independently
determined) for most houses and furnaces in most climates. Straightforward
dafa analysis  can be used to inplude effects such as sun énd wind if they have

large seasonal fluctuations or directional biases.

1.4 Lower inside temperature Relative to most other quantitative

statements 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 near}y
proportional ‘to the temperature difference between indoors and outdoors.

Consider Figure A, which is a schematic rendition of several important issues.
Vertical distances represent temperature differences, and the area bounded by

the thick dashed 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 boﬁnded 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. .
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Figure A: Reduction in Furnace

Heating when Interior Temperature
is Lowered

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 degree
days - - both referred to the outside temperature below which the furnace is
required. Figure A shows an initial interior temperature of 72°F (22;20C) 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 Figure A is the National Weather Service's
average daily. temperature profile for Trenton, New Jersey (15 miles from Twin
Rivers). The savings at the furnace are found to be about 220 days/éZOOoF—days,
or about 5 percent per °F reduction (9 percent per °C reduction) in interior

temperature, for locations near Trenton.
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Lowering the interior temperature for part of the day gives proportionatel).
smaller savings that nonetheless aré significant. For example, lowering the
interior temperature at night by 100F (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 percent in annual 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
strategiés for retrofit programs —-— one, moreover, largely complementary to

those which address the furnace and shell.

1.5 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 percent of the annual space heating (compare Figure A), appliances
20 percent, body heat from occupants 5 percént, and solar energy‘IS percent.
All attempts to increase the efficieﬁcy with which:incident sunlight 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 seriocus problem with very large windows - = overheating
of the living space ‘in mild weather ~ — needs solutions: based on architectural

"design, thermal storage,and internal air movement that remain to be developed.
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1.6 Side effects The national retrofit program is imperiled by

universal ignorance about the side effects of prominent retrofit strategies

in arcas of health, safety, and comfort. As a case in point, our measurements

of the range of air infiltration rates in a single house obtained under varying
conditions of outside weather draw attention to the possibility of creating an

overtight house in low wind and mild weather in the process of reducing average

"overtight' is imprecisely understood at present.

air infiltration rates; but
Other effects in need of research include effects of insulation fibers

on health, effects of humdity on the durability of materials, and

possible conflicts with both noise control and fire prevention.

1.7 Learning by doing Because quantitative indices (like energy per

degree day, see Conclusion 1.3) 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. 1In the United States, alone, there are more than sixty
million homes, and in nearly all of them retrofitting is warranted. Only a
few percent of these homes will be retrofitted each year, and many initially
unfamiliar situations 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 retrofit programs for detailed evaluation of the level of‘

success achieved.
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GOAL No. 2 -The effective pilot program: To clarify the role of

controlled field experiments and demonstration programs in the evaluation of

specific retrofits and retrofit packages.

Conclusions

2.1 Uncertain outer limits of savings The outer limit of financially

sensible conservation cannot be probed without an aggressive field program
based on - a succession of retrofits. : First-round retrofits may be expectea
both 1) to include some which, upon subsequent evaluation, turn out to have

a low return on investment and 2) to omit retrofits that have high returns.

In our program, unanticipated 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 retro-
fits at Twin Rivers.

2.2 Uncertain estimates of savings Without the underpinning of field

experiments under controlled conditions, quantitative 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 ob-
tained, not easily attributable to prior differences among houses. Cur standard
retrofit package reduced-energy consumption for space heating by 15 to 30 per-
cent, with interior temperatures unchanged. Apportioning the savings among the
components of ‘the package (addressing attic, windows, and basement ducts) has
proved difficult, and effects are probably not additive. Pilot programs té

estimate savings should not use ‘samples any smaller than ours.
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2.3 Uncertain estimates of costs The dollar costs of retrofits are

difficult to assess, because most retrofits are labor-intensive yet not very
difficult to perform. Costs, therefore, are sensitive to the treatment of the
residents' own labor in 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 éan be generated in a community such
that specific labor-intensive retrofits, once ignited, will be adopted widely.

2.4 Early warnings The side effects of retrofits (see Conclusion 1.6)

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

GOAL No. 3 The role of the resident: To clarify the role of behavior in

energy consumption for space heating.

Conclusions

3.1 The resident matters The observed variation in energy consumption

for space heating (in townhouses with identical floor plans, furnaces and appli-
ances) is substantially assignable to the resident rather than to structural features
that persist independent of the resident. Strongest evidence comes from studies

of houses where there has been a change of owner: new occupants of the same struc-
ture have consumption levels nearly unrelated to their predecessors. Additional
evidence comes from studies of houses receiving common retrofits: the rank order-
ing of consumption (highest, second highest, etc.) remains largely intact in spite

of major physical modifications.
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3.2 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
administered to Twin Rivers residents. Attitudes toward 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 significant are beliefs about comfort and health.

- Qur questionnaires have been even less definitive in illuminating
reasons for variation in winter, other than beliefs about comfort. Moreover,
itis Still unclear what specific behavior . brings about high or low energy
consumption 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 interior doors, and management of arapes are
probably all associated with variations in gas consumption, but this remains

to be proved.

3.3 Feedback Residents of Twin Rivers reduce their summer electricity
consumption by 10 to 15 percent and their winter gas consumption by up to 10
percent, when information -about their level of consumption is supplied on a
daily basis in controlled "feedback' experiments. Such savings were anticipated
by our psychologists, who look on energy conservation as a problem in learning
new skills. Our results lead awaykfrom 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?)
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separately for the major appliances, 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.

3.4 The response to the "crisis” At Twin Rivers, the alteration in the

pattern of energy consumption that followed the "energy crisis' during the
autumn of 1973 can be approximated by a one-shot, 10 percent response, 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 interior 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
approximately doubled, in current dollars, and rose 50 percent in constant
dollars.) Alternatively, it may be déscribed as a prompt response to a pulse

of exhortation and informationm.



GOAL No.4 The larger context of space heating: To clarify the .

relationship of energy conservation in space heating to energy conservation

elsewhere in the residential sector of the economy.

Conclusions

4.1 Appliances = Energy conservation in domestic appliances is
receiving inadequate attention, given its relative magnitude and the potential
for retrofit 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 100GJ of coal or:oil consumption at the
central ‘station power plant, compared to 80GJ of gas consumﬁtion 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 electricity used by the water heater

more than 10 percent and has a payback period of less than a year.

4.2 Systems within a house Energy conservation in domestic appliances

should not be considered in isolation from space heating. At Twin Rivers, about

20 percent of annual space heating is already provided by appliance heat, and

the potential is present ‘to reach 40 percent through improved retention of

appliance heat (especially,waste hot water) in winter. Appliahces, moreover,

may be usefully coupled together (for example, using waste heat from the refrigerator
to preheat hot water) so-:as to reduce energy consumption sumultaneously for two or

more services. We have been struck by the particular potential for encouraging such
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innovation at the time of construction of communities, like Twin Rivers, where
the builder supplies the basic ‘appliance package and purchases hundreds of
identical models at one time. With appropriate subsidies, such communities

become laboratories for field research on appliance systems.

4.3 Scale Consideration of Twin Rivers as a community 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 cubic feet (6 million m3) per year and electricity at
an average rate of 6 megawatts. 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 community as a whole (which also
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 technologies, among them thermal energy storage (including
annual storage) and on-site cogeneration of electricity and heat, might play
a central role in advanced retrofits in communities like Twin Rivers and might
usefully be assessed in communities where good data at the single-house level

already exist.
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4.4 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 uncorrelated across houses. 1In response to the energy crisis,
there appears to have been no conservation in summer electricity consumption,
one half of which is for air conditioning, even though opportunities for
conservation (at the thermostat, front door, etc.) are as readily available as
in wihter 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 storage are a necessary precondition .to. the refinement of cost-

effective retrofits to reduce summer electricity consumption.
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Section II. 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.

Each facing page contains a commentary on issues raised by

the photographs. References are listed in Section IV.
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Photo Page 1 The Site

Roughly one—fourfh of the houses in Twin Rivers, New Jersey, may be
seen ‘in-the aerial view of Photo Page 1 (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 sﬁructures, the latter including detached
houses, townhouses, and apartments. - Twin Rivers is governed as a portion
of East Windsor township. In an average year, the heating degree-days total
49OOOF~days (2700°C—days), based on a reference temperature of 65°F(18.30C).(1-3)

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 arealso found. These townhouseé are of conventional
construction, with masonry bearing walls and wood framing for floors and
roof. They provide approximately 720 square feet (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).
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AERIAL VIEW OF TWIN RIVERS QUADS 1 AND I1, LOOKING SOUTH-EAST.
DARK ROOFS ARE APARTMENTS, LIGHT ROOFS ARE TOWNHOUSES.
CIRCULAR BUILDING IN FOREGROUND IS THE BANK, WHERE OUR
WEATHERSTATION 1S LOCATED. GEODESIC DOME AT TOP IS SCHOOL.

FRONT VIEW OF QUAD II TOWNHOUSE RENTED BY PRINCETON.

MASONRY FIREWALLS PROJECT BEYOND THE STRUCTURE IN BRICK.

CENTRAL PROJECTICON (WITH WINDOWS OF LIVING ROOM AND MASTER
BEDROOM) TERMINATES ONE FOOT ABOVE GROUND LEVEL (BEHIND BUSHES).

PHOTY PACE 1
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Photo Page 2 Tdentical Houses .

Photo Page 2 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 standardize 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 furnace 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 anéther 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 Jewishj ninety—six percent 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 every five minutes in the morning. The town
is one-half mile (1 km) from Exit 8 of the New Jersey Turnpike, and the 50-mile
'(80 km) trip takes 55 minutes. = The annual family income of townhouse owners

at the time of pufchase averaged $20,000, and it did not vary greatly.

However, the residents of Twin Rivers townhouses are a far from
homogeneous population in many other respects. They differ in their '"temperature
preference," interior temperatures showing a standard deviation of about
2°F (1%) in Winter. They differ in their commitment to modifying their
homes, such that gix 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 toward sun and toward dryness, and in their (at least
_expressed) concern for saving money. Psychologists have played a central
C role in our research program since 1974, and they have helped greatly in
sharpening the exploration of this. wide class of behavioral and attitudinal
variables (5-11).

Research in occupied houses i1s strongly shaped by the need to

minimize the intrusion,not only to reduce the perturbation of the house-

occupant system being studied but also to avoid being thrown out. The .

thermistors shown here are deliberately located at a.height where no one can

Walk into ‘them



~25-

TYPE YSI #44204 LINEARLY-COMPENSATED THERMISTORS READ TEMPERATURE
ABOVE DOOR TO BASEMENT IN HALLWAY OF TWO “IDENTICAL” TOWNHOUSES,

PHOTO PAGE 2
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Photo Page 3 Appliances

The bank of electric meters that separates the electric load into
its major components is seen in Photo Page 3 (left). - Our estimates of
the major contributors to an average annual consumption of 16,200 kilowatt

hours are:

water heater 8000 kWh/year

air conditioner ZSOOk
fefrigerator : 2000
range (cooker) - 700
dryer 500
other 2500
total 16,200 KkWh/year

Also shown (right) is a water heater, following a retrofit in which two

inches (5 cm) of foil-backed fiberglass insulation are wrapped around the

tank. The payback period for this retrofit is less than one year(12).
With a gas water héater, care must be taken to leave adequate air

flow for combustion and exhaust gases.




...27...

BANK OF ELECTRIC METERS IN TOWNHOUSE
BASEMENT SEPARATE THE USAGE OF AIR

CONDITIONER,

DRYER,

AND EVERYTHING ELSE.

HOT WATER HEATER, RANGE,

°HOTO PAGE 3

ELECTRIC HOT WATER HEATER
FOLLOWING RETROFIT.
WRAPPED IN FOIL BACKED R-7
INSULATION.,



Photo Page 4

Looking for Trouble

Tn Photo Page 4 (top), researchers from the National Bureau of
Standards adjust the controls of the Bureau's infrared
camera (13). The equipment is in the master bedroom.. In another
such bedroom, when the camera scanned the ceiling, it picked up a thermal
anomaly (bottom left), confirmed to be a missing panel of insulation
(bottom right). k

Infrared devices have been made smaller and: less costly than the
research device shown on Photo Page 4. Surface temperature probes,
moreover, often can be substituted for thermography. It is a central and
continuing goal of our research group to assist in the invention of a kit
of instruments and algorithms that can diagnose problems in the thefmal
characteristics of a house with minimal time, minimal cost, and minimal

bether to the residéht (14-16).
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INFRARED EQUIPMENT IN MASTER BEDROOM, THE MAN STANDING
IS THE OWNER OF THE HOME,

INFRARED PHOTO REVEALS ANOMALOUS CAUSE OF PATCH IN LEFT PHOTO IS
COLD PATCH IN UPSTAIRS CEILING. TRACED TO MISSING BATT OF ATTIC
INSULATION,

PHOTO PAGE 4
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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 retrcefits. " Energy -as hot air at the furnace plepnum is
distributed 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 feeding the upstairs.
are embedded in the interior walls . and in the‘first floor ceiling for about
two-thirds: of their length. 1In éll, 160 feet (49m) of a total of 246 feet
(75m) of ducting runsg albng the basement c¢eiling, two views of which are

séen in Photo Page 5.

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 basement (in the spaces between interior studs,
for example) should be avoided. But the:loss of heat to a cold overhang,

seen in these photos before and after retrofit, is surely undesirable (.17-19).
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DUCTS PASSING INTO LIVING ROOM
OVERHANG, CASUALLY INSULATED.

LIVING ROOM OVERHANG AT TIME
OF CONSTRUCTION.

INSULATION OF DUCT AND OVERHANG, PART
OF PRINCETON RETROFIT PACKAGE C.

PHOTO PAGE 5
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Photo Page 6 An Open Shaft

An adverse impact of building codes on energy éonservation is revealed
in Photo Page 6: an open wooden shaft, with a 1.8 square foot (O.l6m2) cross
section,is built aropund 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 bottom, and thus provides a path of coﬁmunication for air
moving bétween basement and attic. The view (left) of the shaft from
below shows that this flow will be doubly enhanced when the furnace is firing,
because a duct to the second floor runs through the lower part of the éhaft.
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 (right)

being given a backing of insulation.

Qur retrofit to the shaft is a tight—fitting fiberglaés plug at
the attic floor. The temperature at the surface of the flue at this
elevation is: about 1300F(SSOC), compared .to a char- temperature for fiberglass
of about 800°F (430°C). The plug, formed simply by wrapping the flue with
a four~foot (1.3 meter) section of 6 inch (15 cm) unbacked fiberglass
and pressing it tightly idinto 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 BASEMENT 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.

PHOTO PAGE 6

INSULATION BATT BEING
STAPLED ONTO ATTIC FLOOR
TRAP DOOR, PART OF PRINCE-
TON 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 ‘seen in Photo Page 7. 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 center). The cross sectional. area for flow between basement
and attic through these gaps ranges up to 1l square foot (0.1 mz) in the
Twin Rivers townhouses. Access to these passages behind the side walls
(top left) is also provided through cracks in the caulking material that
initially sealed the joints between firewall and both front and back walls
(top ‘right). The net effect is to open up paths for the wmovement 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) (20).

Defects such as the shaft shown in Photo Page 6 and the gaps and
cracks shown here. apparently degrade energy performance rather uniformly
across townhouses. 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 previously it
was ‘high or low on the scale of relative use of gas (22).

We have verified that attic bypass mechanisms canceling much of the
function of attic insulation are found in many different kinds of housing
in New Jersey. There appears to be justification for recommending a
fairly simple exercise to mnearly all the residents of houses with
insulated attics. Early on a cold winter morning with low wind, take a
thermometer into your attic and take the attic's temperature. Also
read the temperatures outdoors and upstairs. If the attic temperature is
not ‘a lot closer to the outside temperature than to the house temperature,
and -there is insulation in your attic-floor, you have some wvariant of the
Twin Rivers attic diseases:  one or more short circuits perforating the
thermal cap on your house. . Most of ‘these attic bypasses can be found by
looking carefully for gaps and shafts, These can be stuffed closed or sealed
with ‘caulking material. - Add to your attic insulation without attending
to these bypasses and you will save substantially less energy and money
than the handbooks say; attend to the bypasses while adding to attic
insulation and you will save substantially more.
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FOUR VIEWS OF GAPS BETWEEN WALL FRAMING AND MASONRY FIREWALL.

SEEN AT TIME OF CON- GAPS AT ATTIC FLOOR VIEW FROM QUTDOORS.
STRUCTION, DOWNSTAIRS. ; CAULKING COMES AWAY AT
WOOD-MASONRY JOINT.

PLUG OF GAP FROM BASEMENT EY FIBER-
GLASS, PART OF PRINCETON RETROFIT
PACKAGE B.

PHOTO PAGE 7
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Photo Page 8 A Cold Walls

The National Bureau of Standard's 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 Photo Page 8 (top fight‘and
bottom)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 Warﬁer surface temperatures.
Much of the information about surface temperature is lost in these black
énd white prints, when compared to the colored thermographs that clearly
distinguish ten temperature levels. (A temperature scale may be discerned
at the bottom of the two infrared photographs.) ' The surface temperature
of the window in the bottom photograph has exceeded the temperature scale;
the window is nearly alW@ys 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 lower right photograph was the cover (in color) of the August 1975

issue of Physics Today, used to illustrate an article (23) giving highlights of

the American Physical Society's summer study, "Efficient Use of Energy', held

at Princeton in July 1974 (24).
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TOP LEFT: INFRARED CAMERA SCANS A
CORNER, WITH OUTSIDE WALL TO LEFT,
WAL.L FRONTING A FIRE WALL TO RIGHT.

TOP RIGHT: INFRARED PHOTO OF SAME
CORNER REVEALS INTERIOR WALL TO BE
SEVERAL DEGREES COLDER. DIP INTHE
PATTERN IS FIRST VERTICAL STUD,

SEPARATING TWO POCKETS OF COLD AIR,

BOTTOM: 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 .,

PHOTO PAGE 8
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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 forcing air through clearly defined passages.

Instrumentation to measure air infiltration rates in houses (top left)
has been developed over several years, in collaboration with the National
Bureau of Standards (25,26). Using the hot air distribution system, we inject
about 10 cc of sulfuf hexafluoride (SF6) into the house (whose volume
s about 3 x 108 cc, so that the initial concentration is about 30 parts per
billion), and concentrations are read at regular intervals until the
concentration drops by a factor of 2 to 10, when reinjection‘occurs.

The rate ofkdecay of concentration is a measure of the air infiltration rate.
Measured wvalues 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 estimating the size 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 windbreak
(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 exchangés 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 infiltration 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).



_39_

FOUR ASPECTS OF PRINCETON’'S AIR INFILTRATION RESEARCH,

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 A TECHNICIAN INSTALLS

HIGHLY INSTRUMENTED TOWNHOUSES, IN COL- WEATHERSTRIPPING IN SLIDING
LABORATION WITH U.,S. FOREST SERVICE. PANEL OF PATIO DOOR, PARTOF

PRINCETON RETROFIT PACKAGE B.

PHOTO PAGE 9
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Photo Page 10 - Attics

On a frosty morning, one can tell which attics have been retrofitted.
The middle roof shown on Photo ?age 10 (bottom) belongs to - a house with ‘
untouched attic, at a time when extra insulation has been added (top)
to thékattic 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, the rare frosty morning at Twin Rivers offers the opportunity
for advertizing one's citizenship. it also provides .the opportunity for
neighbors to monitor one another and for authorities to monitor everyone.
The latter do not have to wait for frosty mornings, because infrared
photography eésily 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
cohservatioﬁ would be ‘decided in favor - of more storage. A campaignv
senéitive to thié‘issue would ‘at 1eas£ offer a more elaborate attic retrofit
that left the attic more usable, for those who wanted it. It might also
offer the choice of doing nothing (34).

The retrofits shown on Photo Pages 3,5,6,7,9, and lb were the principal
compoﬁents of Princeton's first retrofit experim;nt. They were undertaken in

varying combinations and sequences in thirty-one townhouses (20),
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BLOWN FIBERGLASS R-30 INSULATION LIES ON TOP OF EXISTING 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 MID-
*DLE ONE HAS NOT YET RECEIVED RETROFIT PACKAGE A. DARK COLOR IN-
. DICATES GREATER HEAT FLOW THROUGH ROOF AND LESS FROST FORMATION.

PHOTO PAGE 10
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Section III. Some Characteristic Quantitative Results in
Graphical Form

The ten pages of Figures in this Section distill some of
our most important quantitative results. Several also represent
innovative methods of data reduction that others may consider
adopting.

Each facing page contains a commentary on issues raised

by the Figures. References are listed in Sectiom IV.
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Figure Page 1. Five-year History of Nine Houses

Four issues central to our research program are evoked by Figure Page .
1: ‘wvariation ‘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 winter 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 consumeérs, winter
after winter, with only minor changes in rank ordering. ‘A glaring exception
is the plunge of House 1 from highest to lowest between the winters of 1975
and 1976, which corresponded. to a change of owner in House 'l 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 ln the United
States is usually done relative to a reference temperature of 65°F (18.37°¢C),
and such a reference temperature is also adequate. It is always safer,
however, to do comparisons 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 the same houses.
At Twin Rivers, winter gas consumption is found to be nearly dlrectly
proportional to (R-T), where T is the gverage outside temperature and (for
the average townhouse) 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 autumm of 1973, A new plateau was established in the average
consumption, 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 cf/OF ~day
to 15 cf/%F- ~day folloWLng the energy crisis, was brought down to 10 cf/°F- day
by Princeton retrofits package. (In SI units, it f=211 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, suggesting that faults in
house -design addressed in the retrofit package probably do mot play a crucial
role in creating variability in gas consumption (20).

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

Figure Page 2 presents two histograms (a sample and one of its sub-
samples) 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 the following ways:

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 interior 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 subsample
have double glazing throughout.

As expected, variability is reduced when these four variables are held
constant., Winter gas consumption for space heating varies by more than
three-to-one for the large sample (209 townhouses), by.two=to-oneé for the
subsample (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 ing results of
our program. Natural gas is used exclusively for space heating, so that
the entire variability 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 analysis.
Double glazing, averaged over the winter, is found to reduce the rate of gas
consumption by 14 - 4 watts per square meter of double glags installed, or
4 * 2 percent for a three-bedroom unit (194 ££2 , or 18.0 n’ of glass), about
half of the 9 percent savings predicted by heat load calculations, The 13
percent penalty for the end wall, the 9 percent penalty for the interior
four-bedroom unit, ‘and the 26 percent benefit for the interior two-bedroom
unit, relative to an interior three-bedroom unit, are close to the values
expected from heat load calculations. Orientation effects are buried in
the statistical noise, an indirect consequence of nearly equal glass area
front and back (36-38).

The remaining variation confounds a conventional approach: the usual
computer programs, which make no allowance for variable patterns of use,
would predict a single value for the gas consumption of the 28-unit sub-
sample. ' Evidence that factors specific to the residents, rather than to
the dwellings, are responsible for much 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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Figure Page 3. The Pattern of Response to the Energy Crisis

The short—-term response to the energy crisis is rendered in a striking
fashion by the two cross-plots in Figure Page 3. Here gas consumption for
the four-month winters of 1972, 1973, and 1974 are compared, using the gas
meter readings for the split-level townhouses 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 9F~days during
each four—-month period, and so one might have expected a drop in
consumption of 4 percent from the first winter to the second and a climb
of ‘3 percent 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
symmetrically about the straight line on which gas consumption 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 downward, corresponding
to conservation of roughly 10 percent 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,
remained unchanged by the crisis. ' The extent of variation in any single
winter ‘is comparable to that displayed in the histograms on Figure Page 2.
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Figure Page 4. Conservation and Price

C. Figure Page 4, 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 this 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 residents, in
December through March, and by all except a few very low consumers in the
months of November and April; this is, therefore, the traditional price for
economic analysis. It is seen to be the sum of two compoments, 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 (Con-
sumexr 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 November 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 dollars) 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 cu. ft./°F-day (34.5 MJ/°C-day)
to 15.7 cu. ft./%F-day (30.5 M3/°c- -day) in five years, a drop of 12 percent,
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 percent and a reduction in the
performance index of 11 percemt. The pattern of consumption versus price over time,
however, is inconsistent with a constant elasticity of demand 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 deterioratiom 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. This result confounded
our expectations, as the price history for electricity has been similar to that
for mnatural gas and strategies to reduce electricity consumption appear to be
no more difficult to execute. Median winter electricity consumption was down
6 percent. 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 as in 1972 and 1973, when periods of equivalent cooling
degree~days were compared. These results strongly suggest that levels of air ‘
conditioning were not curtailed following the energy crisis (40, 42).
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Figure Page 5. Qutside Temperature: The Critical Variable

The average rate of gas consumption. of 16 townhouses later to be

. retrofitted by Princeton is plotted against the average outside temperature
in Figure Page 5.  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 extraordimarily 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 temperature are all constant over
months, and in fact none of these varies substantially at Twin Rivers. A
prolonged 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
which the furnace is required for space heating, from 72°F (22,2 C) (the
interior temperature, now constant) to 62°F (16, 7°C) of the total, 6 ¥ (3. 3° C)
represents auxiliary heating from appllances and people and 4°F (2.2 F)
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 percent.

3) The heat losses, by which the heat from furnace and auxiliary sources is
dissipated, are distributed: 40 percent by air infiltration, 30 percent by
conduction through windows, and 10 percent each by conductlon through attlc,
walls, and basement. The heat loss rate is roughly 640 Btu/hr°F (340 w/°C),
when long=term (monthly) data are considered (21, 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 Figure 5, 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.. Tn 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

(64-47).
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Figure Page 6. Savings -due to First-Round Retrofits

The display of house~by-house gas consumption in Tigure Page 6 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 consumption 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
intervals as possible; here the outside temperature averaged 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 interpretation of the cross plot.
Eight of the sixteen houses were left untouched (the control group), while
the other eight received differing combinations of the components 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 (smallest), then basement treatment,
then attic treatment (largest). The combined winter savings appear to be up
to 30 percent, relative to a control group manifesting a slightly larger rate
of consumption "after" than '"before.'" (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 orientations. 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: 1In periods of comparable
sunniness, ' the sun:improves (lowers) the performance indices of houses with
east and west windows by an amount that becomes increasingly ‘significant
the further from December 21 the time interval under assessment; no comparable
_enhancement occurs for south windows, the effect of longer days being almost
exactly cancelled by the effect of a higher sun. 1In the assessment of the
Princeton retrofits, the inclusion of this solar shift turns out to reduce
estimates of the savings by about ten percentage points (49).

The second pitfall of calculating the percent fuel saved for a short
period in midwinter is mot recognizing that the percent fuel saved over
the whole winter will generally be larger. There are two consequences 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 temperature,
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, that is, to a 100 percent reduction in amount of gas consumption
required on certain mild days. The percentage 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 accomplishments 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 ome has a full year 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
Ffour interior temperature traces are shown in each of the figures on .
Figure Page 7. Three cycles of furnace operation last approximately two

hours during two cold winter nights, one before and one after Princeton's
full retrofit package was installed in this townhouse.

The following results of the retrofits may be discerned:

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 responsible 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
downstairs) rises far more steeply (1°F, or 0.6°C, per minute) than the
temperatures in the rooms. The difference in rates of climb is reflective of
a regsistive heating element within the. thermostat, the "anticipator,' 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 temperature is 36°F (2°C), this Twin Rivers furnace runs
for 7 minutes (while the temperature within the thermostat rises 7°F, or 4°C),
then stays off for 33 minutes, thereby firing only 18 percent of the time,
Such.a furnace is. oversized by any usual criteria. The case against '"'oversizing"
is a very ldose 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 fraction of time that the
furnace is on, either 1) by increasing 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 consequences for comfort( 18,19).

The anticipator setting in the Twin Rivers thermostat (and many others) is
easily adjusted by an accessible lever. It is not at all clear exactly where the
lever should be set, however, so i1t may be just as well that hardly any resident
knows the lever is there.

The data here were logged by an acquisition system 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).
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Figure Page 8. ' The Attic Temperature Index

The attic temperature is particularly easy to measure, and we are
convinced that it is also particularly informative, if one is seeking to
characterize the thermal properties of a house. In many cases this temperature
is ‘an immediate index of the quality of the therml 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
Figure Page 8. 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 untouched. ~The retrofitted attics are
seen to be 10%F.to 14°F (6°C to 8°C) colder than predicted, the expected
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 alr 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 to be not easily interpretable in terms of the
thermal properties of the building materials in the townhouse, 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 correspondence:between the
parameters of the model and the physical properties of the attic. Large,
unexpected channels for heat flow intoe the attic that bypass the attic
insulation have been found. It is becoming clear that retrofits to
block these channels are even more cost effective than conventional attic
insulation (21, 52=54).

Linear regression models have been developed for other wvariables,
notably the air infiltration rate and the rate of gas consumption, with the
same expectation that. the parameters in these models may be useful numerical
surrogates for complex physical effects (55, 56). .This approach has
enabled us, for example, to model buoyancy-driven and wind-driven air
infiltration (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 detéermination of the
parameters in such relatively simple models -and on the comparison of such
parameters ‘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 supérposed in two
different ways in Figure Fage 9. 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 presents the fossil fuel
energy consumed by the economy to provide the gas and electricity: to do this,
the electrical energy is simply weighted by a factor of three, which approxi-
mates the conversion inefficiency of the electric power plant, while the gas
energy is ‘left unchanged. (A complete consideration of conversion losses
would ‘include various ten-percent effects, like the energy to pump the gas
from the wellhead and ‘the energy lost in electric power lines and trans-
formers. Slightly larger multiplicative weights would result.)

The rates of energy consumption across months shown here are averages
over the 248 two-floor townhouses in Quad TII at Twin Rivers.  In these town-
houses. . 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 content of the electricity is roughly 35 percent
of the total -energy consumed at the house, and even in the coldest ‘month,
February, it is 20 percent. This 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 unfamiliar, for the relative role
of appliances in residential space heating has only recently grown to the
levels shown -here. Our detailed studies suggest that the potential for
increasing the: fraction of the heat recovered from appliances .is.a task
comparable in significance 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
sumpmer gas consumption (700 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-watt bulb burning continuously. As the upper Figure shows,
this is about 20 percent of the energy consumption rate from electrical
appliances other than the air conditioner. Minimizing the "second role'
of gas and electric 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; oxr 84GJ) of gas and 16,200 kwWwh (58GJ) of electricity
consumed 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 required to !power' the Twin
Rivers  townhouse for a year occurs at the furnace and two~thirds at the
electric 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 electricity over the year in .
an average Twin Rivers townhouse, 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!

Figure Page 10 shows the distribution of electricity 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 consumption 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. Moreover, 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 operatlng its more expensive (and less efficient)
peaking capacity (60).

The electric consumption of the water heater can be approximated by the
sum of two terms: 1) continuous consumption at a rate of about 200 W,
compensating 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 midnight 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 m3) 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/4.5 kW = 20 percent of the time. The capacity of the
water heater, 80:gallons, is approximately equivalent to one day's use, so
shifting 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, 3) capturing heat vented up the
furnace flue, and 6) capturing solar energy. A combination of the six
strategies (in conjunction with strategies, like faucet design, that reduce
water consumption directly) should permit energy consumption at the water
heater to be eliminated entirely (61).
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Section IV. References for Sections IT and III

Note: Unpublished works were produced for Princeton University.
They have been disseminated from the Center for Environmental Studies
(CES), Princeton University, Princeton, New Jersey, 08540. The ten
articles marked *, together with this report, make up Vol. 1, No. 3
of Energy and Buildings, (Elsevier Sequoia, Lausanne, Switzerland) and
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Veterans Administration

Thomas McCarthy, Chief, Comstruction and Valuation Section

Residents

Charles Matteson, President Howe Owners Association 1971-1972
Myra Epstein, Twin Rivers Ecology Committee 1971-1972
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