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ABSTRACT

In this paper we describe an emergy audit procedure developed for detemining
economically optimal retrofits for a residential bullding. This audit is g
microprocassor~basad, interactive, site and house specific package addrassing con~
servation, solar, and wind measures.

A dymanic model of hearing and cooling lozds with algorichms to caleulate dnternal
heat znd solar gains is used to evaluate fu2l savings. Special attention is given
to the estimation of wmonthly average air Iinfiltracion rates, using 2 model gcorre-
lating pressurization results with air infileration under natural weather condi-
tions. Load calculations are checked agalnst existing utility records of fuel use.

Retrofirs optimized for maximum net life-cycle savings can be further adjusted on
site in accordance with the homeownex’s preference.

Reywords: Energy audit, retrofits, residential energy conservation, simplified
energy calculations, degree~days, alr infiltratico. .

INTRODUCTION

Energy couservation 1s an urgent politlcal issve in the United states. Since the
building sector alone accounts for a third of national enerzgy consumption, new
buildizg standards that opandate energy-conserving buillding practices have been
promulgated apd azre being implemented at the state and paticunal level. Yet, the
process of replacing the existing housing stock, with its large energy require~
ments, with energy-eificient structures will be slow; already, almast 80% of the
1990 housing stock has been built.

The work described in this report was funded by the Office of Buildings
and Community Systems, Assistant Secretary for Conservation apd Solar
Applications of the U.S. Department of Energy under contract No. W~
7405-Eng=~48. ]



~ Interaction with the homeowner: Most retrofits will be selected on the basis
of economics. However, this selection can be altered at will, if the homeowner
indicates any preference or dislike for it. :

~ Update of retrofits: Retrofits will be chosen from a.master list of several
hundrad retrofits. The information on thermal merit, expescted lifetime and
cost countained in this list will be updated regularly to reflect imnovations in
the building sector. '

- Economic optimization: Lifs~cycle cost-benafit analysis will be used to com-
pare the savings of different retrofits. Discount rate, energy cost escala-
tion, and term of the analysis can be speciflaed by the auditor.

- Partial retrofit: Commonly overlooked sburces of energy loss will be
correctad as part of the audit visit. This partial zerroflt alome is expected
to reduce energy coasumpiion by 10-Z33%.

= Energy calculations:-The stringaut requirements of high cslculation speed,
small sforage space, and ability to compare the most diverse retrofits will be
met by new algorithms for heating and cooling loads that combine the simplicity
of steady-state methods with the accuracy of dynamie procedures.

~ Air infiltration: Special attention will be giver toc an accurate evaluation
.of air infiltration rates before and after-retrofits. A new model has been

developed for this purpose, based on equivalent leakage aress, terrain class
descripeidn, and weather paramaters. T

- Use of microcomputers: A1l cf the information from the houss belng audited
will be fed dinto a portable uicrocomputer with floppy-disk ddta storage pro~
grammed to yield retrofit packages optimized for meximum life-cycle savings.

AUDIT PROCEDURE

The audit procedure we are developing will be administered by two trained auditors
during a four~hour visit. It will be based on actual measurements; draw on a large
and regularly updated list of retrofitting optioms; optimize suggested retrofits omn
the basis of maximum net lifewcycle savings; and directly involve homesowners in the
selection cf retrofits. The four distinct phases of the audit are deascribsd below.

Phase l: Information Gathering

The homeowner initiates the audit procezss by calling the local utility company. At
the outset, the "medical history” of the house is established: The resident is
requasted to furnish fuel bills for the previous two years and to indicate the
types of fuel used for heating and cooling and for major appliances. If fuel bills
are not available, authorlzation I1s sought to obtain them direct from the uzility
company or the fuel oil dealer. Based on this inweather data, we arrive at a score
representing the overall thermal efficiency of the building (in kWh/®C-day) for the
heating or the cooling 3eason. This score will be an important referance point for
making recommendations in the context of the audit and subsequently, for evaluating
actual energy savings. In the section on fuel bill analysis, we describe the pro-
cedure for determining thermal efficiency in more detail.



The resulrs from all these measurements will be entered in standardized forms con—
sistent with the computer input format.

The following iustruments will be used during the audit:

-  Blowsr door for pressurlzing the house to find and measurs leakage. The cost
is $100 -~ $2,000, deperding on the sophistication of the assembly.

- Diffareﬂtial pressure gauge for measuring ipnduced pressure diffa:enea between
inside and outside. Cost: §30

- Portable infrared scamner to find air leaks under depressurization and faulty
- or missing wall insularion. Cost: $7,000.

"~  Smoke sticks as an alternative to the infrared .scanper, where this is too
expensiva; Cost: $5

- Portable surface and aly temperature probe with digital readout; Cost: $500.

=~  FPurnace efficilency testing kit for analyzinmg the temperature and consumption of
£lue gases. Cost: §200.

-  Portable Watr-hour meters for measuring the electric comsumption of wmajor such
- appliances as a refrigerator or a freezer. Cost: $10C0.

~ Miscellaneous tools such as hammwer, knife, drill, screwdrivers, and éaulkiug
guns. Cost: $30.

Phase 3: Partizl Retrofir

Some of the adir leskage sites found during pressurization of the house are ssaled
by the auditor. Pricority is given to large leaks that are specific to the housa,
such as hidden air shafts and concealed holes. The sealing materials are caulking
compounds, quick-~drying foam, and duct taps. Other sources of epergy loss
addressed by the partisl retrofit are poorly joinmed or disconnecred heating ducts;
dirty furnace air filters; air shafts in the living space, attic or basement; miss—
ing fireplace daompers; and Dbroken window panes. Open chimneys are temporarily
stuffed with packed fiberglass or mineral wool-insulation; later, a more permanent
measure will be applied, e.g. chimmney covers or glass doors, chosen from the list
of suggested retrofirs produced by the audit. EBroken windows are temporvarily
sealed with polyvinyl sheets, pending replacement of the broken pane. All other
eracks and holes are marked with colored tape to indicate the need for future
retrofitting weasures and are taken into account Iin the cost-~effectiveness calcula-
tion of the audit.

The water heater insulation is upgraded with a fibergliass blanket, unless the name
plate indicates that it already complies with a new standard approvad by DOE. I
the hot water temperature exceeds 60°C (140°F), the water heater thermostat is sat
back to about 50°C (1209F). The shower head is replaced with a low-flow model if
the neasured maximum water flow exceeds 12 lirers/wmin (3 gpm). imflarly, any
excessive hot water flowrates in kitchen and bathroem faucets will be reduced, by
adjusting valves or by installing flow restoictors.

In forced-air heating systems, the limit temperatures for the furnace blower switch
may be reset to insure maximum heat recovery from the furnace heat exchanger.

The energy savipgs from all these measures combined are estimated at 10-25%
(Maulhardt et al.; 1979). This partial recrofit alome should make the energy audit
worthwhile to the residents, even if none o; the suggested, more extensive retro-

firting measures are lmplemented. 5



temperature above which no heating is required. Eeras, degree—days are defined as:

30
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where T is rhe average outside temperature for day i;
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[eee] . indicates that only positive differences are to be counted in the
SUlle

The base temparature can be calculatad from:

F

where T, is the indoor thermostat setzing (°C);
F i3 tha "free heat’ (Xwh/day); ard
H is the "overall heat transmission cozfficient” (XKwh/° C—d‘").

Frea heat in this context is defined as the sum of all heat gains that aras not
relatad to the heatipg system,i.2., the sum of sensible heat gains from appliances,
paople, and solar radiations.

The overall heat trausmission coefficient expressas the change in daily marginal
sensibla heating or cooling neads of the house for every degree of colder or warmer
outside temperature. It includes heat conduction 'hrouwh the building envelopa aud
air infiltration.

In this audit, we are considering retrofits and thermostat schedules that wmay sub—
stantially alter the base temparature from day to adght and from =monrth to =month.
For these retrofits, the single base temperature in the definition of degrew—-days
is not sufficient. We must use more sophisticatad load algorithms that can treat
time-varying thermostat settings and envelopes resistances and that consider ths
effacts of thermal storage. Howsver, most exiszing bullding energy analysis pro-
grams are too large to be imnstalled on a microcomputer and take tco much calcula-
tion time to be practical in a field audit. Given these requirements and con-
straints we devised the concept of "dynamic degree-days"” and "dynamic degree-
nights” for a mouth, a generalization of degres-days with variabla basa tesmpera-
tures Dynamic degree-days and degree-nights ave IZuactions of four variashles whose
values may change from month to month:
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where '1'b is the base temperatura during the day (% C);
T’ 1s the base temperature during the night (° C);
A& s the magnitude of the thermostat sat back (° C);
13 the time constaut of the house.

The day and night base temperatures are defined by analogy to thas base temperature
in eq. (1.2}, using separate day and night values of thermostat setting, free heat,
and heat transmission coefficient. The time constant of the house is defined as:

C
T o= -
f &
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The location efficiency, e , denotas how much of the free heat produced by the p-th
part or within the p-th space contributes to the overall free heat within the liv-
ing space. TFor walls, windows, and doors enclosing the living space, e =1 by
definiriou. For attached spaces, such as basemants, attics, etch, ep<12 The
actual value is calculated in the individual program modules.

Devices and people whose waste heat contributes to free heat (e.g. water heaters,
refrigerators, lights, and building occupants) are charactarized in terms of only
twe variables: :

. Free heat ¥y (kWh/day);
Location py (e.g. d-th device located in p-th space).

Agairp, algorithms specific to the heat source in question are used to calculate the
values of the two variables for each device, th and withour rstrofits.

During optimization of all possible retrofit configurations, the thermal merits of

all parts or spaces (with retrofits installed as appropriate) are combined as fol-
lows:

N
TA = Epe TA (4-1)
pal PP
N . N N
Lfa gt e §Y = g1t D)
- p=1 P o p=1 P
N
F = fe (F_ + b 4 (4.3)
p=l PP for P4=P

Note in the last equation the lumping together of the free heat from a part or
space (e.g. the solar energy captured through the windows of an attached spaca) and
the free heat of any appliance located within it (e.g. a watar heater in that
attached space). This equation 1s evaluatesd twenty-four times: f£or each meath,
day, and night. The other equations are evaluated only four times: for wiater,
summer, day,.and night. :

At this point, the volumetric air infiltration rate, V, is evaluated on the basis
of leakage areas and weathar data, as described in the section on air infiltration.
Then, the overall heat transmissilon ceefficilent of the house is calculated for each
configuration of retrofits as follows:

H=TA + pc % (5
P

where pc_ 1is the volumetric heat capacity of air (kWh/k—m3);
¥V~ i3 the volumetric air infiltration rate (mz/hr).
This formula is evaluated four times, for winter, summer, day, and night. The time
constant of the house 1s estimated separately for winter and summer, by using:
. c.
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&
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R is the fractional ceiling and floor leakdge area:
- — - (7.3}

where A., Ag, Ag are celling, floor, and total leakage areas.

The energy savings assoclated with air-tightering measures are evaluated by
estimating the reduczion in equivalent leakage arsa and by indicating whether the
reduction occurred in the ceiling, the walls or the floor. The resulting change in
overall leakage area and in the ratio R is translated into a change in air infil-
tration that is reflected in the load algorithm.

Fuel Bill Analvsis

For each house, a2 heating "score,” based on a two-year analysis of its fuel con~
sumption, 1s established to represent the incremental heating energy used for every
additional degree of cocldness outdoors. This score is expressed In kWh/°C~day. Imn
a house with air conditioning, a similar score 1s to express incremental cooling
energy consumption for every additiomal degree of outdoor temperature increasa.

The score for the heating season is equal to the slope of the linme in Fig. 2.

This line is a least squares fit to all points in this plot of average natural gas
consumption for heating versus average outdcor temperature, for a typical house.
Each point represents one monthly fuel bill. In the terminology of the previous
sectlons, 1t can be shown that the heating score obtained from this line must equal

i1



SIMMARY

We have desscribed a new, computerized zudit which, by using measured field data and
novel calculation algorithms, attempts to go beyond the simple walk-through audits
currently in use in the U.S. Validation of the audit 4o a group of houses will
begin in the autumm of 1980. Training materials, program documentaticm and instru-
mentation specifications will be prepared at the same time. In the future, we
expect to lmplement a program of regular updates of the audit and its comporents.
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