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INTRODUCTION
A. Rosenfeld, C. Hollowell, and S. Berman

About 38% of United States energy resources is
consumed by the building sector. In contrast, the
energy consumed as gasoline represents only 18% of
our energy use., With the scarcity of fuel and the
attendant rise in fuel prices, it has been neces-
sary to make radical design changes in automobiles
and buildings to enhance their efficiency, at the
lowest possible cost, without compromising their
previous level of service. For automobiles,
Congress mandated a factor-of=two improvement in
efficiency and, for buildings, research has shown
that present resource energy use can be similarly
reduced by 50% through careful retrofitting. In
the case of new construction, houses and commercial

~buildings are already being designed to use only
half the energy of thelr pre=1975 counterparts, but
our research findings suggest that to minimize
life-cycle cost, we should--and can==further reduce
this figure to 10% in the case of residences, and
to 20% in the case of commercial buildings.

The aim of the Energy Efficient Buildings Pro-
gram is to conduct theoretical and experimental
research on various aspects of building technology
that will permit such gains in energy efficiency
without decreasing occupants' comfort or adversely
affecting indoor air quality. To accomplish this
goal, we have developed five major research groups
whose activities are regularly reported in techni-
cal and scientific journals, presented at interna-
tional conferences, and disseminated in the form of
Lawrence Berkeley Laboratory (LBL) reports.

A brief overview of the scope and objectives
of each group follows.

Energy Performance of Buildings

Formerly called the ®"Building Envelopes Pro-
gram,™ this group has changed its name to "Energy
Performance of Buildings" to more accurately
reflect the focus of its work. Essentially, the
energy performance of a building is assessed by
regarding the building as a system. In this frame-
work, the parameters tested are its air infiltra-
tion rates, thermal characteristics of its strue-
tural elements, and the behavior of the interface
between dissimilar materials. From an analysis of
overall performance, we are able to recommend
cost-effective solutions for reducing infiltration
and thermal losses, either by retrofitting (exist-
ing buildings) or improving design features (new
construction). This research is conducted in the
laboratory and in the field, and tests are made on
our research house as well as with computer models.

Building Ventilation and Indoor Air Quality

One of the more obvious means of improving the
energy efficlency of a building is to reduce air
infiltration/ventilation. Lowering this air-
exchange rate, however, can seal in indoor-
generated pollutants and allow them to build up to
potentially harmful levels. In this program, our
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goal is to furnish a scientific basis for setting
energy-efficient ventilation standards and develop-
ing system designs that promote energy efficiency
while taking into account the comfort, health, and
safety of building occupants. Project activities
in support of this goal include (1) development of
new methodologies for measuring indoor air quality
parameters, (2) laboratory studies of organic and
radioactive emigsions from building materials,
soil, water, and natural gas that may affect indoor
air quality and (3) field monitoring of indoor air
quality in different types of buildings (e.g.,
schools, office buildings, residences) under a
variety of ventilation conditions. Integrally
related to this work is the investigation of
prevention and control strategies for indoor air
pollution that do not sacrifice energy efficiency.
In this connection, we perform laboratory and field
tests of various ventilation systems, including
those that incorporate air-to-alr heat exchangers-
-devices which can provide the necessary level of
ventilation while recovering a substantial portion
of the energy that would normally be lost.

Building Energy Analysis Group

The Building Energy Analysis group is respon-
gible for developing, improving, and documenting
the computer program, DOE-2, which has been desig-
nated as the national program for calculating
building energy performance standards. DOE-2 can
also be used by architects and engineers as a means
of designing buildings to improve their energy
efficiency and minimize their life-cycle costs.
DOE~2 is systematically updated to incorporate the
latest energy-conserving design features (e.g.,
passive and active solar, thermal storage, natural
ventilation, daylighting, and evaporative cooling).

Energy Efficient Windows and Lighting

The Windows and Lighting group is developing a
technical basis for understanding the energy-
related performance characteristics of windows and
lighting systems and, with industry, 1s working to
develop and promote energy-efficient products that
are cost-effective to end-users. A primary con-
sideration in the Windows section of our group is
to assure that daylight is provided to the
building's interior with minimum thermal loss in
cool weather and minimum thermal gain in hot
weather. To this end, considerable research
activity has centered on developing and testing
optical coatings for windows as well as evaluating
a number of insulating window treatments. Our
testing capabilities are being expanded with the
addition of an outdoor window testing facility.

The Lighting section is concentrating on
developing energy-efficient lighting systems
(lamps, ballasts, fixtures, and controls) to pro-
vide lighting designers with an array of options
for meeting occupant needs. Energy-efficient,



high=frequency, solid-state ballasts for fluores-
cent lights are being fleld-tested in several
bulldings. Preliminary results are confirming that
installation of these devices can effect a 25% sav-
ings over conventional core ballasts.

Building Energy Data, Analysis and Demonstration

market commodities that show the expected levels of
production as a function of unit price. The
national energy savings that might be effected as a
result of our research is discussed in detail in
the BEDAD section of the text that follows.

More Energy-Efficient Buildings Research

The Building Energy Data, Analysis, and
Demonstration group compiles and evaluates data on
end-uses of energy and on the costs and performance
of energy-efficient technical measures, both from
direct field measurements and from secondary
sources. Using these data, we prepare estimates of
"least-cost technical potentials" for improving
energy efficiency in new and existing homes and
commercial buildings--often as a cooperative effort
with utilities or state agencies. Individual con-
servation (or solar) measures can be catalogued in
order of increasing unit-cost-of-conserved-energy
($/MBtu or ¢/kWh) with careful attention paid to
the interactions among conservation and solar meas-
ures that affect certain end-uses (notably heating,
cooling, and water heating). Using this technique,
we create, in effect, a Ysupply curve of conserved
energy," comparable to the supply curves for other

Reported in Other Chapters

Other closely related research on energy effi-
cient buildings and appliances is carried on in
other programs within the Energy and Environment
Division, and is reported in other chapters of this
division's Annual Report.

Specifically, the Energy Analysis chapter,
printed separately as LBL-11972, covers 11 studies
related to building energy performance standards
and labels, appliance energy performance, rating
gystems for auditors and appraisers, and energy and
peak power modeling.

Further, the Solar chapter, LBL-11984 covers
the work of the Passive Solar Analysis and Design
Zroup.

ENERGY PERFORMANCE OF BUILDINGS*

D. Grimsrud, A. Blomsterber, W. Carroll, P. Condon, D. Dickerhoff,
D. Krinkel, M. Modera, A. Rosenfeld, M. Sherman, B. Smith, and R. Sonderegger

INTRODUCTION

The design of an energy-efficient building
begins with a tightly built and well-insulated
thermal envelope {(exterior walls, windows, ete.)
and then adds efficient equipment for heating,
cooling, hot water, and other energy needs. Form-
erly called the Building Envelopes Program when our
activities focussed on investigations of air infil-
tration and wall thermal performance, we have now
expanded our activity to encompass a broader range
of building energy concerns--ergo, our new designa-
tion as "Energy Performance of Buildings." Our
objective is to provide fundamental information on
the energy performance of buildings as a basis for
the eventual establishment of energy-conserving
guidelines and standards governing the design and
construction of new buildings as well as retrofit
strategies for existing buildings. Our two primary
research areas of air infiltration and wall thermal
performance are conducted in the field, in the
laboratory, in our research house, and on computer
models. A third effort this year has been the
development of an instrumented residential energy
audit, which will be field-validated in FY 1981,

# This program was supported by the Assistant
Secretary for Conservation and Solar Energy, Office
of Buildings and Community Systems, Buildings Divi-
sion of the U.S. Department of Energy under Cone
tract No. W-THO5-ENG-48.

Air Infiltration

Air infiltration typically accounts for one-
third of the annual space heating load of residen-
tial buildings in the United States. This energy
loss can be reduced in new construction by changes
in design and construction techniques, and to some
degree in existing structures, by careful repair
and maintenance. An important goal of our work in
this area, which deals with measuring, modeling,
and reducing air infiltration, is to provide design
guidelines for architects and engineers, and to
develop construction quality standards for air
leakage in U.S. buildings. A breakthrough this
year was the development of a new model that iden-~
tifies a single parameter--the "effective leakage
area" obtained from fan pressurization--for scaling
infiltration rates in different types of buildings.
This parameter is a powerful design tool for archi-
tects and bullders in reducing air infiltration in
new construction. In addition, we are demonstrat-
ing techniques to reduce air leakage in existing
buildings.

Walls

The information currently available on the
thermal performance characteristics of bullding
walls is based on theoretical analysis and labora-
tory tests. Where actual measurements have been
made in buildings, the thermal resistance of the
walls is often 20% to 30% less than that predicted



by laboratory measurements and standard calcula-
tions. Ultimately, recommendations for energy con-
servation standards should be based on accurate
measurements of building walls rather than on
unverified inferences from laboratory measurements
and computer models. Even though a wall may be
well designed, differences in construction methods
and aging of materials can produce substantial
variations in thermal performance. Accordingly,
the purpose of our research is to develop tech-
niques for field (or in situ) measurements of the
thermal performance of walls. We need to under-
stand what data must be collected to adequately
characterize a wall, and how this data can be
reduced to uniquely describe the thermal perfor-
mance of any wall.,

Computerized Instrumented Residential Audit (CIRA)

In 1978 Congress passed the National Energy
Conservation Policy Act, a part of which, the
Residential Conservation Service, required major
public utility companies and fuel-oil dealers to
provide a house energy audit to customers who
request it. States have two options in complying:
either they submit a plan for DOE approval, or DOE
will mandate its own audit (developed by Oak Ridge
National Laboratory (ORNL) and Solar Energy
Research Institute (SERI)). In accordance with RCS
regulation, this audit is site- and house~specific,
considers both conservation and solar measures in
its recommendations, and will give the homeowner a
cost-benefit analysis of its recommendations.

In addition to the basic ORNL/SERI audit, DOE
commissioned LBL to develop a more sophisticated,
state-of-the-art residential audit. This audit,
the Computerized Instrumented Residential Audit
(CIRA) uses a portable microcomputer for evaluating
retrofits based on information collected during the
audit. In addition, several simple retrofits are
completed at the time of the audit, with an
expected initial energy savings of 10-15%.

The instrumented audit requires an initial
sereening of utility bills and weather data to
obtain an "energy signature'" for the house. Two
auditors then make a four-hour visit to the house
where they measure air leakage with a blower door
that pressurizes or depressurizes the house, and
identify leaks, plugging the easy ones as they go
and noting the more difficult ones to repair later.
They measure furnace efficiency, check water and
air temperature settings, insulate the water
heater, change the air filter on the furnace, cali-
brate the thermostat and, with the permission of
the homeowner, install a low-flow showerhead and
reset the water-heater thermostat.

At the conclusion of the physical inspection,
all necessary data are fed to the microcomputer.
The auditor then confers with the homeowner on a
suitable retrofit package. The computer will scan
a master list of possible vretrofits stored on a
disc that contains conservation measures such as
insulation, storm and double-pane windows, insulat-
ing shutters, caulking and weatherstripping, fur-
nace retrofits, and active and passive solar sys-
tems for space and water heating. Savings and
costs of each retrofit are then calculated on a
life~cycle basis, and an econocmically optimal

retrofit package 1s assembled on a minimal total
life-cvele cost. The computer will give optimized
retrofit packages for several budgets, along with
total -osts and savings of each package. All cost
estimnies take into account the possibility that
homeowners may wish to do the retrofits themselves.
At the conclusion of the visit, the auditor leaves
detailed information on the suggested retrofits
with the homeowner.

ACCOMPLISHMENTS DURING FY 1980

Air Infiltration

MITU: For model validation work, we have been
taking measurements in occupied houses over a rela-
tively long period of time. Because these pro-
cedures necessarily inconvenience occupants, we
sought and found a solution in the MITU=-a mobile
infiltration test unit that simulates a house and
can be moved to different locations to study the
effect of different micro-climates on air infiltra-
tion rates (see Figures 1 and 2). The test unit
was designed and bullt to simultaneously monitor
air infiltration, surface pressures, and weather
data for extended periods of time. By moving the
MITU to different locations, we can study the
effect of the leakage area and its distribution,
and local terrain and shielding on infiltration
rates. The data from MITU will be used to test a
predictive model of air infiltration discussed
below. A complete description of the MITU facility
including preliminary results is available.?

Data Base: The Infiltration Data Base was
developed to provide support for the Air Infiltra-
tion Centre, an organization sponsored by the
International Energy Agency (IEA). The data base
is set up to help researchers perform literature
searches and to test predictive models of infiltra-
tion. Its four subfiles contain information on
infiltration researchers, published articles, test
locations, and numerical infiltration data from
field measurements., The data base user's manual is
a complete tutorial on accessing and using the
file.3

Fig. 1. The Mobile Infiltration Test Unit (MITU).

(CBB 8011~13932)



Fig. 2. The MITU interior.

(CBB 809-11263)

Models: Unlike conduction losses which can be
modeled by means of a single parameter--thermal
resistance-~infiltration losses have had no
equivalent quantity. We have developed a model
that uses the effective leakage area for character-
izing infiltration losses. Equivalent leakage area
is determined from a fan pressurization test of the
structure. In addition to this parameter, the
model uses the height of the structure, the
inside~outside temperature difference, the terrain
class, the shielding class, and wind speed to
determine infiltration rates. The model can
predict the impact of retrofits or other changes in
the building envelope on air infiltration using
measurable performance changes effected in a few
parameters. Figure 3 shows the correlation between
predicted and measured infiltration in fifteen
houses. 455
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AC Pressurizations A technique for examining
the low-pressure leakage function of a residence
using an oscillating pressure source was developed
and tested. The advantage of this method is that
it simulates the low~pressure range where natural
infiltration occurs, and is independent of weather
interactions. We found that even at the low-
pressures characteristic of natural infiltration
the leakage structure of the house showed flow

behavior typical of an inviscid fluidg6

Average Infiltration Monitor: The Average
Infiltration Monitor (AIM), a portable device capa-
ble of taking long-term average infiltration meas-
urements, was designed and prototypes were tested.
Essentially a suitcase crammed with sample pumps
and inJjectors that operate unattended over a
month-long period, AIM will be used in occupied
houses and enable us to monitor long-term average
infiltration including the effects of occupant
behavior, such as opening windows and doors. T

Field Studies: A major part of the program
this year has been our work with several state
utilities and local builders in setting up air
leakage measurements in houses. Houses in Washing-
ton and New York state were pressurized for air
leakage measurements and later retrofitted to
reduce the air leakage. In the Washington houses
where the initial retrofits were performed by the
Bonneville Power Authority, adding storm windows
and doors alone resulted in a 15% reduction in air
infiltration. The houses in Rochester, New York
were standard tract homes where the builder, Ryan
Homes, had added features for greater energy effi-
ciency. Air leakage measurements were also taken
in eight houses in Atlanta, Georgia to assess the
effect of infiltration on the air conditioning load
in a hot-humid climate.8,9

Collaborative Activities: Our group was
active this year in contributing infiltration-
related work to national projects. For the
Residential Conservation Service (RCS) Model Audit,
we developed a simplified infiltration algorithm,
and for the ASHRAE Handbook of Fundamentals, we
submitted a revised chapter on infiltration which
is to be incorporated in the next edition of the
text.

Construction Quality Standard: A preliminary
draft of a framework for a construction quality
standard for air leakage in residential buildings
was prepared and circulated to professional groups
for discussion and review.!0 The draft proposes
using the newly developed infiltration model to
develop a verifiable standard for ventilation in
new buildings. Included in the report is a survey
of the average infiltration during the heating sea-
son of 219 houses throughout North America. The
infiltration of these houses averages 0.67 ach with
a standard deviation of 0.48 ach.

Walls

The key element in our walls testing pro%ect
is the Envelope Thermal Test Unit (ETTU).11,7T
Designed to measure the steady-state and dynamic
thermal response of building walls, the prototype
ETTU and the new passive ETTU-2 are capable of tak-
ing field measurements. The work this year has



centered around building and debugging these units.
The computer program to drive the system heaters
and log the data has been written. The data
acquisition system that interfaces with the
general-purpose microprocessor system has also been
completed.13 Preliminary measurements of steady-
state R=values of a test sample using ETTU agreed
with ASHRAE Handbook values.

Through working on the ASTM C16-30 (Task Group
on Characterization of Wall Performance), plans
were made with the Portland Cement Association for
conducting runs comparing the performance of ETTU
with their guarded hot-box.

Computerized Instrumented Residential Audit (CIRA)

Five essential tasks have been detailed in
developing our energy audits

e software development,

e system documentation,

¢ auditor's resource package,

e homeowner's information package,
e audit validation.

assembled and tested
built the prototype

Earlier this year we
field instrumentation and
microprocessor system for the audit. Softwasre
development has consisted of the microprocessor-
based algorithms that optimize the mix of conserva-
tion, solar, and wind options for a given house.
These algorithms include recent advances in builde
ing science from other national laboratories, e.g.,
LASL passive solar methodology, F=chart active
solar methodology, BNL boiler and furnace perfor-
mance data, LBL infiltration modeling, etec.

Fireplace Testing

While no new testing of fireplaces took place
in FY'80, data analysis, including economic con-
giderations, was undertaken. Both a technical
report on the measurements and analysis and a
report for homeowners were published. 14,15

PLANNED ACTIVITIES FOR FY 1981

Alr Infiltration

Continued development and validation of meas-
urement techniques and infiliration modeling will
be a major part of the program in the coming year.
Both AIM and MITU are scheduled for {ileld measure-
ments around the country. The infiltration model
will be extended to include the effects of flues
and chimneys, local shielding, and occupant venti-
lation. The model will be coded for use in the
DOE-2 residential package.

Several tasks are planned for developing air
leskage design guildelines for architects and
engineers. Among these is an examination of the
effectiveness and cost-benefits of alr leakage
retrofits. A popular description of the infiltra-
tion model, together with tables of normalized air
infiltration values for different regions of the
U.S. and component leakage areas are part of the
package for designers.

4=5

A new undertaking willl be to extend the AC
pressurization technique to multichamber buildings
without using large-capacity fans. We plan to
begin measurements with a multi-chamber infiltra-
tion system in an apartment complex.

Walls

Four main activities are planned for the com-
ing years

e Initial fileld measurements of walls in our
research house using ETTU;

e Field survey of thermal performance of typ-
ical residential wall construction;
e Activity in ASTM C-16.30 task group on ine

situ measurement of wall performance;

& Collaboration with Portland Cement Assocla~
tion in completing development of data
reduction techniques for laboratory hot-
boxes.

The BETTU work will significantly advance our
capabilities for measuring wall performance.
Through our contacts with ASTM C-16.30 and the
Portland Cement Association, our work will have
immediate application to ongoing wall testing pro-
grams at the Cold Regions Laboratory of the U.S.
Army, Owens=Corning Fiberglas Corp., DCS Corp., the
University of New Mexico, and Oak Ridge National
Laboratory.

CIRA

Tasks in the coming year involve completing
the software development, writing the program docu-
mentation, preparing a resource package for both
the auditor and the homeowner and, finally, vali-
dating the entire audit. Validation will consist
of actual fleld testing and comparisons of pro=
jected energy savings with DOE 2.1 computer simula-
tions.
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BUILDING VENTILATION AND INDOOR AIR QUALITY

INTRODUCTION
C. Hollowell

The Building Ventilation and Indoor Air Qual-
ity (BVIAQ) program is a major component of
Lawrence Berkeley Laboratory's Energy Efficient
Buildings Program. Funded by the Department of
Energy’'s (DOE) Office of Buildings and Community
Systems and the Office of Health and Environmental
Research, The BVIAQ program is part of a coordi-
nated effort to respond to the need for conserving
the nation's energy while maintaining the health
and comfort of building occupants. The overall
objective of the BVIAQ program is to conduct in-
depth research and development on existing and pro-
posed ventilation requirements in order to provide
recommendations for the establishment of energy-
efficient ventilation standards and ventilation
designs for residential, institutional, and commer-
cial buildings. LBL is also providing technical
and management support to DOE for other related
ventilation projects.

BVIAQ program activities for FY 1980 represent
a continuation of the following tasks:s

1. laboratory studies of indoor combustion
emissions, organic contaminants, and
radong

2. field monitoring of indoor air quality in
buildings;

3. indoor air quality health-risk assessment
studies;

4, demonstration and assessment of residen-
tial mechanical ventilation systems incor-
porating air-to-air heat exchangerss

5. completion of subcontract activities con-
gisting ofs

@ assessment of ventilation requirements
for odor control in buildings;

e assessment of hospital ventilation
standards;

e study of automatic variable ventila-
tion control systems based on air
quality detection in institutional and
commercial buildings.

6. completion and implementation of a
ventilation/indoor air quality data base.

A description of the work accomplished and
projected by our group is presented by program in
the next five articles.

COMBUSTION-GENERATED POLLUTANTS*

G. Traynor, M. Apte, and J. Girman

INTRODUCTION

Field and laboratory measurements carried out
thus far have indicated clearly that combustion=-
generated indoor air pollutants can have a signifi-
cant impact on human health. We have demonstrated
that levels of gaseous air pollutants (CO, COp, NO,
NO2 and formaldehyde) and respirable particulate
carbon compounds are elevated in indoor environ-
ments where gas appliances are used--in the case of
CO, NO2 and formaldehyde, approaching or exceeding
existing (and recommended) ambient air=-quality
standards and, in the case of respirable particu-
late mass, comparable to those typical of a very
SMOLEY day°1“4 In energy-efficient structures
where the reduction of infiltration tends to inhi-
bit the escape of indoor-generated pollutants, the
health risk may be more serious.

# This work was supported by the Assistant Secre-
tary for Environment, Office of Health and Environe-
mental Research, Human Health and Assessments Divi-
sion of the U.S. Department of Energy under Con-
tract No. W-T405-ENG-48,

While our previous studies have concen-
trated on emissions from gas stoves,1“5 there
are many other indoor sources of combustion pol-
lutants. Two important sources are portable
kerosene heaters, which have become very popular
recently, and side-stream smoke from cigarettes.
Our research activity for FY 1980 focussed on
these two pollutant sources.

ACCOMPLISHMENTS DURING FY 1980

Kerosene Heater

A portable kerosene heater (convective type)
was operated under two ventilation rates in an
environmental chamber with a volume of 27 m3, the
size of a small bedroom. The manufacturer's rated
output for this heater was 2,300 keal/hr, but actu-
ally it consumed 830 kecal/hr based on a kerosene
heat production value of 8800 keal/1l.

The heater was operated at the low ventilation
rate of 0.33 air changes per hour (ach) using no
mechanical ventilation and at the high ventilation



rate of 1.6 ach using mechanical ventilation. Fig-
ures 1 and 2 show the respective NO, NOo, and CO2
concentrations at low and high ventilation rates.
Most striking are the NOp levels: At the low venti-
lation rate, the NOp concentration reached 1.24 ppm
above background after 30 minutes, while at the
high ventilation rate the NOo level reached 0.89
ppm over background after the same time period.
These values should be compared to recommended and
proposed short-term (usually peak one-hour average)
outdoor NO» standards that range from 0.1 ppm to
0.5 ppm.>

High levels of COs were also observed, but
only very small amounts of CO and particulates.
The workplace standard promulgated by the Occupa-
tional Safety and Health Administration (OSHA) for
€0, is 5000 ppm averaged over eight hours.® After
30 minutes of heater use at the low ventilation
rate, this value was exceeded and, at high ventila-
tion, this value was approached. CO levels peaked
at 2.2 ppm at the low ventilation rate, and
particulate emissions were undetectable.

Sidestream Tobacco Smoke

Particulate emissions contained in the sides-
tream smoke of one cigarette smoked by a volunteer
situated inside the chamber were measured. The
volunteer, who was asked to smoke at his usual
pace, was a student, and chose to study while he
smoked==his typical pattern. The chamber was main=
tained at a low ventilation rate (0.30 ach) during
the entire experiment. The particulates released
into the chamber from the sidestresam smoke were
size=fractionated and weighed using a ten-stage

piezoelectric cascade impactor (QCM Cascade Impac-
tor, California Measurements, Inc., Sierra Madre,
California)., As is evident from Figure 3, very
high levels of particulates were measureds during
the smoking period, total particulate levels
increased 390 ug/mé over background. Ninety-six
per cent of this increase is attributable to parti-
culates under 0.4 % 0.1 yug in diameter--a size
range that has a high probability of penetrating
the pulmonary region of the lung. The short-term
(2l4-hour average) outdoor air quality standard set
by the U.S. Environmental Protection Agency is 260
ug/m3; the equivalent California standard is

100 pg/m3a

In a similar experiment, this time using an
automatic smoking machine, CO, NO, NOo, and parti-
culates from the non-inhaled fraction of tobacco
smoke were measured. (The non-inhaled fraction is
different from sidestream smoke in that it does not
contain the smoke exhaled by the smoker.) Particu-
late emissions were essentially the same as in the
previous experiment. CO levels in the chamber
peaked at 2.7 ppm above background as compared to
the outdoor one-hour standard of 35 ppm while NO
and NOp levels peaked at 0.08 ppm and 0.09 ppm,
respectively. NO and NO» measurements were made
with a Thermo-Electron chemiluminescent analyzer
which is subject to a substantial positive
interference from hydrogen cyanide; therefore the
NO and NOp measurements may not be acourate.l

Pollutant Emission Rates

Pollutant emission rates from the kerosene
heater and sidestream smoke were calculated, and
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the results are summarized in Table 1. Multiplying
the pollutant emission rate by tThe source consump-
tion rate yields the actual mass of pollubtant emit-
ted into the room. The kerosene heater we used con-
sumes 830 kcal/hr. One king-size cigarette com-
busts approximately 600 mg of tobacco in ten
minutes. Emission rates combined with source con-
sumption rates are useful for making approximations
of pollutant concentrations under conditions other
than the ones we tested.

PLANNED ACTIVITIES FOR FY 1981

Our research plans for FY 1981 are to complete
the analysis of gas stove-generated pollution data
collected at an experimental research house. The
data include the pollution profiles of CO, COp, NO,
and NOp throughout the house under various condi-
tions of ventilation and stove use. We intend to
add the following activities to our project for
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Table 1. Pollutant emission rates.
Sidestreanm Conversion Factors®
Pollutant Kerosene Heater? Cigarette Smokeb 100 ug/mB equivalent
(ug/keal) (pg/mg) (ppm)
co d 130¢€ 0.086
€0, 630,000 a 0.055
NO 270 £ 0.080
NOs 210 £ 0.052
Particulates d 18 n/a

& Expressed as mierogram of pollutant emitted per kilocalorie of kerosene

burned.

tobacco burned.

Expressed as microgram of sidestream pollutant emitted per milligram of

Calculated at a pressure of 1 atm and a temperature of 20 ©C,

d Observed concentrations were too close to background levels to calculate

an emission rate.

€ Does not include exhaled fraction.

Subject to positive hydrogen cyanide interference.
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ORGANIC CONTAMINANTS*®

R. Miksch, K. Geisling, L. Jenks, H. Schmidt, M. Tashima, and D. Wolosin

INTRODUCTION

The Organic Contaminants Project of the Build-
ing Ventilation and Indoor Air Quality Group has
been conducting a diversified research effort
involving basic research in the laboratory and
analysis of field samples. Two main areas of
activity have been established, one focusing on
formaldehyde and the other on various organics
present in indoor air. Formaldehyde can be emitted
from common building materials that contain formal-
dehyde resins, such as plywood, particleboard and
foam insulation. Work in this area has included
extensive field measurements in energy-efficient
and retrofitted homes, assessment of analytical
methods used to measure formaldehyde, and the
development of primary formaldehyde sources, pase
sive monitors and filter techniques. For other
organic contaminants in indoor ailr, techniques have
been developed for collecting and analyzing a wide
range of compounds found in buildings. Organilc
compounds are emitted from such materials as paints
and adhesives, household cleaning products, office
furnishings, building materials, combustion
sources, and people.

ACCOMPLISHMENTS DURING FY 1980

Development of Methods of Analysis

During the past year, extensive effort was
devoted to developing a more satisfactory thermal
desorption device for analyzing samples collected
on the porous polymer Tenax. A new thermal desorp-
tion system, designed and built at LBL, was com-
pleted in the Fall of 1980. Specific design
improvements include a new oven which accommodates
smaller sample tubes and does not desorb compounds
on the outside of the tube. This change reduces
the background and facilitates field sampling.
Another improvement was the construction of a new
cryogenic trap that is resistively heated and has a
*phuffer zone" of capillary tubing to handle flash-
backs this modification enhances chromatographic

# This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Buildings and Community Systems, Builldings Division
of the U.S. Department of Energy under Contract No.
W-TL05-ENG-U48.
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behavior and eliminates ghost peaks that have been
a problem with commercially available devices used
previously. The operating parameters of this sys-
tem are now being optimized. Problems with the
breakage of Tenax cartridges and the loss of sample
integrity during shipping and handling have been
resolved.

Two approaches have been taken to quantify the
results of alr sampling with Tenax. One method of
generating standards involves using an automatic
sampling device and a gas chromatograph to load
trace quantities of standards directly onto Tenax
cartridges. This technique has been tested and
appears to be very promising. The other approach
involves the use of an electrobalance, which forms
the core of a rigorous quantification system based
on permeation and diffusion.

Methods of analysis have also been improved
for formaldehyde research. Specifically, we have
developed a modified pararosaniline technique for
more precisly determining formaldehyde in aqueous
solution. Unlike earlier methods, this method
eliminates the need for a hazardous mercury
reagent. The optimization of reagent concentra-
tions, the effect of varying temperature, and
potentially interfering compounds were also stu-
died. Comparative data on the analysis of aqueous
formaldehyde solutions indicate that the modified
pararosaniline method is more sensitive, more
reproducible, and easier to use than the widely
accepted chromotropic acid method. Results of two
of the experiments are presented in Figures 1 and
2. The procedures are described in a report sub-
mitted to Analytic Chemistrye1

A new gas generation system for low levels of
gaseous formaldehyde in alr has been developed this
year and is now being validated. The system shows
promise of providing primary formaldehyde sources;
it is based on the catalytic decomposition of
trioxane to formaldehyde. Trioxane vapor released
from a diffusion tube is passed over a phosphoric-
acid-coated carborundum catalyst. The amount of
formaldehyde formed may be calculated directly from
the weight loss of trioxane, based on initial data
showing a 100% conversion of trioxane to formal-
dehyde.

A passive monitoring system is being developed
for the sampling of low levels of formaldehyde in
ambient air. The passive monitors are prepared by



0.4

o
2

<o
S

o

Final HC! concentration {M)

Final No, SO, concentration (mM)

Fig. 1. Net absorbance as a function of the final
hydrochloric
Hydrochloric acid, sodium sulfite, and pararosani-
line are the key reagents in the analysis of aque-
ous formaldehyde solution by the pararcsaniline
method. All analyses were performed on a solution
of 1.0 ug mL~} (33 pm) formaldehyde, Data shown
were obtained by linear interpolation from the data
given in Table 1. (XBL 806-1151)
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Fig. 2. Net absorbance as a function of
development time at various temperatures: a)
with cuvettes and b) with cuvettes uncapped.
Since the sodium sulfite will equilibrate with
the atmosphere while the color of the solution
is being developed, the absorbance can be maxim-
ized by capping the cuvettes containing the sam-
ple solution. The optimized reagent concentra-
tions were used. (XBL 806-1154)
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acid and sodium sulfite concentrations.

treating glass fiber filters with sodium bisulfite
and placing them in glaszs vials. In the process of
establishing a calibration curve for the passive
monitors, their collection efficiencies are being
tested for reliability and reproducibility.

Field Monitoring of Organic Contaminants

Various field sites were sampled for organic
contaminants using Tenax and the unmodified desorp-
tlon system. Four of these sites were offices at
LBL where indoor air quality complaints had been
registered; all of these sites were typical modern
office settings with partitions, carpeting, and
gsynthetic furniture. In all cases, the organic
compounds found indoors were absent or present in
substantially lower quantities outdoors. A com-
parative set of chromatograms is shown in Figure 3.
The results of these analyses are presented in
Table 1. The most interesting site sampled this
year was a new office building in Marin County,
where an unusually high number of complaints had
been registered with the company nurse following
occupation of the bullding. Although the com-
plaints varied widely, irritation of the respira-
tory tract and allergic reactions were most com-
monly cited. The potential health hazard from the

organic compounds found in these samples cannot be
No single compound was

assessed at this time.
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Fig. 3. A comparison of chromatograms of sam-
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outside Building 90.
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iable 1.

Organics detected in LBL offices.

0O3HA Permissible

LBL 67C LBL 90H  LBL 90-3145 Exposure Limit (ppm)
Hydrocarbons
n-hexane s b4 X 500
n-heptane X 500
n~octane X X 500
n=-nonane X bs
n-undecane X e
2~-methylpentane X e
3-methylpentane be
2,5~-dimethylheptane X
methylcyclopentane X X b4
ethyleyclohexane X x
methylcyclohexane X X 500
pentamethylheptane X b'd
Aromatics
benzene X b4 1
xylenes X 100
toluene X b4 be 200
Halogenated
Hydrocarbons
trichloroethane ¥ X X X 350
trichloroethylene x X X 100
tetrachloroethylene X X 100
Miscellaneous
hexanal X
methylethylketone ® 200

found to be present in great enough concentration
to be singled out as a health hazard by existing
criteria. On the other hand, existing criteria
were established under conditions of the workplace
environment where unusually high exposures to a
single compound are routinely encountered.

During the summer, a study was made of organic
compounds emitted in trace quantities from common
building materials. The materials analyzed
included caulking compounds, two rugs, two linole-
ums, and several mastics and glues. Samples were
collected via headspace analysis using a glass
vacuum apparatus with liquid nitrogen cold traps.
The small-volume liquid samples collected were
identified by means of gas-chromatography/mass-
spectroscopy. The results of the study are
presented in Table 2. The major emissions were
aliphatic hydrocarbons, but other emissions
included alkyl benzenes, higher aromatics
(naphthalenes), ketones, and some phenols and
glycols. A few samples contained toluene or methyl

4-13

ketones only traces of chlorinated hydrocarbons
were found.

In the Fall, the same apparatus was used to
qualitatively analyze samples of building materials
and office furniture from the office building in
Marin County where alr samples had been analyzed in
September. Many of the compounds emitted by the
building materials were found to correspond to
those identified in the air samples.

The EEB Mobile Laboratory (described in "Field
Monitoring") continues to be used for measuring
formaldehyde and total aldehydes in the field.
Sites in Minnesota, Wisconsin, Oregon, and New Jer-
sey were studied for two-week periods. Formal-
dehyde levels at all of the sites were below the
level at which significant health effects are
expected to occur. Initial analysis of the data
indicates that while no obvious correlation exists
between ventilation rate and formaldehyde levels at
these low concentrations, formaldehyde levels may
be related to temperature and relative humidity.
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Table 2. Organic contaminants identified in headspace vapor over selected building materials.

Building Material?

Description

Major Organic
ContaminantsP

Organic Contaminants
of Interest®

Remarks

carpet #1

carpet #2

carpet #3

carpet #i4

carpet #5

linocleum #1

lincleun #2

linoleum #3

linoleum #4

nylon (2) fiber,
jute backing

polypropylene fiber,
foam backing, self-stick

synthetic fiber, thin
composition backing

nylon fiber, jute
backing

acrylic fiber,

foam backing

vinyl, self-stick

vinyl asbestos,
self-stick

vinyl

vinyl asbestos

3-phenylcyclohexene,
aliphatic hydrocarbons

trimethylceyeclohexane,
aliphated hydrocarbons

n-octane, n-nonane
aliphatic hydrocarbons

3-phenylceyclohexene,
decane, dichlorobenzene,
styrene, aliphatic
hydrocarbons

Heavy oxygenated
compound, aliphatic
hydrocarbons

dimethylcyclohexane,
n-octane, aliphatic
hydrocarbons

octane isomers,
nonane

acetone, methyl ethyl
ketone (MEK), toluene,
butyl acetate,; aliphatic
hydrocarbon background

toluene

3-phenyleyclohexene
traces of
alkylbenzene

none
3~phenylcyclohexene,

dichlorobenzene, styrene,
small amounts of alkyt-

benzenes, traces of napthalene,

1= and 2-methylnapthalene,
nonanal, analog of butylated
hydroxytoluene (BHT)

heavy oxygenated compound,
small amounts of

phenol, biphenyl, napthalene,
1= and Z2-methylnapthalene

none

small amounts of
toluene, xylene, propyl-
benzene, trace of
trichloroethylene

acetone, MEK, toluene,
butylacetate, small
amounts of dimethyl-
dioxane, trichloroethylene,
benzaldehyde, 2-{(2-ethoxy-
ethoxy) ethanol (Carbitol)

toluene, small amounts of
benzaldehyde, acetophenone,
benzylalcohol, butyl

benzyl ether, alkylbenzenes

3~-phenyleyclohexene
derived from alcohol?

3~phenylecyclohexene
derived from alcohol?
Dichlorobenzene

from air deodorizer

Heavy oxygenated
compound clearly
largest component
emitted, unknown.
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acoustic celiling
tile

acoustical tile/

tileboard cement

contact cement

linoleum cement

ceramic tile cement

caulk #1

caulk #2

caulk #3

pulp faced by
vinyl acrylic latex
coating

mastic

liguid

mastic

mastic

"Phenoseal®

vinyl acrylic
latex caulk

butyl caulk

butyl acetate, aliphatic
hydrocarbon background

aliphatic hydrocarbons

trimethyleyclohexane,
methyl ethyl ketone (MEK),
aliphatic hydrocarbons

denatured alcohol
{ethanol, methanocl)

hexane, aliphatic
hydrocarbons

butylacetate, 2-(2 ethoxy-
ethoxy) ethanol {carbitol)

ethylene glycol

cctane, octene, nonane,
aliphatic hydrocarbons

butyl acetate

xylene, ethylbenzene
toluene, traces of benzene,
napthalene, alkylbenzenes,

butylated hydroxytoluene (BHT)

none

methyl isobutyl ketone
(MIBK)

small amounts of
alkylbenzenes, trace of
trichloroethane

butylacetate, carbitol

small amount of
butyl propyl ether

ethylene glycol

octene, small amounts
of alkylbenzenes

water was
major emission

allowed to dry
24 nrs before
vapor collected

allowed to dry
24 hrs before
vapor ccllected

allowed to dry
24 hrs before
vapor collected

allowed to dry
24 hrs before
vapor collected

water was major
emission, allowed to
dry 24 hrs before
vapor collection

allowed to dry
24 hrs before
vapor collection

allowed to dry
24 hrs before
vapor collection

2 Samples were purchased in

b "Ma jor" is defined as one

of the five largest peaks.

the components of petroleum-derived solvent constituents.

local hardware stores, obtained from local building sites, or supplied by interested consumers.

“Aliphatic hydrocarbons® is used in place of a detailed description of

C Organic contaminants of interest are defined as those compounds that possess functional groups that enhance chemical reac-
tivity. "Trace amounts"™ applies to compounds that were approaching the limit of detection, while "small amounts" refers to

compounds that were clearly present but did not Fform one of the five largest peaks (see previous Ffootnote).



PLANNED ACTIVITIES FOR FY 1981

Planned activities for FY 1981 include labora-~
tory and field validation of formaldehyde passive
monitors, continued field measurement of formal-
dehyde, and continued optimization of the solid-
solvent organic contaminant sampling apparatus.
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RADON: EMANATION STUDIES,

OOR MEASUREMENTS, AND CONTROL STRATEGIES*

A. Nero, M. Boegel, J. Ingersoll, W. Nazaroff, K. Revsan, and G. Zapalac

INTRODUCTION

When energy-conserving features designed to
reduce infiltration are effected in buildings, the
levels of radon, as well as other indoor air con-
taminants, can increase. The main objective of
this project is to determine the extent to which
radon and its daughters are present in indoor air
and to study radon sources and source strengths.
In addition, an important aspect of our research is
to evaluate control strategies in the light of
existing data on health risk factors, so that the
formulation of national programs promoting energy
conservation in buildings can consider the poten-
tial health impact of indoor concentrations of
radon and its daughters.

Radon 222 is a chemically inert gas, occurring
from decay of radium 226 that is naturally present
in the earth's crust. Radon can migrate from its
site of formation, and the potential for radon gas
emissions into the interior space of buildings
depends on the presence of radium in the soil under
and around the structure or in the materials used
to construct the building, as well as on transport
of radon from more distant radium deposits that
occurs, for example, via underground water sup-
plies,

The indoor daughter levels assoclated with a
given radon source strength depend, at a minimum,
on the rate at which indoor air ls exchanged for
outdoor air, the internal air circulation rate and
pattern, and the indoor particulate concentration.
As a result, understanding sources and concentra-
tionsg of indoor radon and its daughters requires

® This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Buildings of Community Systems, Buildings Division,
and the Assistant Secretary for Environment, Office
of Health and Environmental Research, Human Health
and Assessments Division of the U.S. Department of
Energy under Contract No. W-TLO5-ENG-48.
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study both of sources--which we know vary from one
building to another and one geographical region to
another--and of radon daughter behavior. Corre-
spondingly, control techniques can be based on
either prevention of radon entry into the interior
space or on removal of radon or its daughters from
indoor air.

The recognitlion that radon exposure poses a
health risk, generally, and that energy-
conservation measures may exacerbate present risks
to building occupants has made such studies a
research priority. The health hazards of radon
result from its four short-lived daughters (218Po,
218py 2141, and 21%po) all of which have halfw-
lives of less than 30 minutes and two of which (the
polonium isotopes) are alpha emitters., These
daughters can be inhaled into the lower respiratory
tract, and exposure to high levels over prolonged
periods (as was historically the case for uranium
miners) can increase the incidence of lung cancer.
The risk factors associated with low-level expo-
sures are not directly knowni however, if factors
derived from the high-exposure data are applied to
the lower indoor exposures, the estimated risk
appears to be significant.

Our investigations have focussed primarily on
the following asctivities:

1. measuring the rate of radon emanation from
commonly-used building materials;

2, monitoring radon and daughter levels in
conventional and energy-efficient residen-
tial buildings;

3. developing appropriate monitors for
detecting radon and radon daughterss; and

L4, evaluating control techniques and stra-
tegies effective in limiting indoor con-
centrations.

ACCOMPLISHMENTS DURING FY 1980

One major project this year was to examine
samples of buillding materials commonly used in the



United States, emphasizing concrete, to determine
their contribution to radon concentrations observed
indoors. Our principal measurement technique
employs gamma detection using a heavily shielded
sodium iodide system. Measurement of gamma rays
from 21481 and 2087y from a sample in a sealed con-
tainer indicates concentrations of the 238U and
232ty decay chains, respectively. Subsequent meas-
urement with the container open, allowing radon
{the parent of 21%B1) to escape, vields the radon
emanation rate. (In both cases, Ok is measured
from its own gamma ray.) An alternative technique,
developed by our grcup792 measures radon emanation
directly by sealing the sample in a container for
one to three days and then transferring the radon
collected to a scintillation cell for counting.
This technique is effective even for low emanation
rates.

The results of our survey of ordinary concrete
from ten U.S. mebtropolitan areas are shown in
Table 1, which gives emanation rates per unit mass
and elemental concentrations. The nean rate for
the ten sample groups ranges from 0.4 to 1.2 pCi
kg”1 n-'. As seen in Table 2, a group of concretes
containing fly ash also fell within this range,
while samples containing phosphate slag fell below.
Gypsum, brick and wood were toward the bottom of
this range or lower, as were solar rock bed samples
with high uranium content and a radon escape~to-
production ratio of U4%.

The materials examined appear to conbribute
only a small portion of the radon levels ordinarily
found in U.S. homes. For 0.2 m thick concrete, 1
pCi kg“1 n=1 corresponds Lo an emanation rate per
unit area of approximately 0,05 pCi =2 5“19 which
would contribute 0.1 pCi/l to the indoor radon con-
centration in a house having an alr exchange rate
of one per hour and an emanating-surface-to-
interior-volume ratio of 0.5 m? per n3.

We have also been engaged in other concrete-
related studies. A few measurements of radionu-
clide concentrations in and radon emanation from
concrete components have been performed,3 but more
extensive studles are required {o determine the
contribution of these components to the radon ema-
nation rate from concrete, since the reactlions that
take place in the formation of concrete can influ-
ence the extent to which radon is free to move
through the cured material. We have made a few
measurements of components of ordinary concrete,
and have also examined a selection of fly-ash sam-
ples, supplied by the U.5. Environmental Protection
Agency, as a prelude to further study of fly-ash
concretes. A more substantial effort has been
devoted to developing a technique for measuring
diffusion parameters for radon in concrete. (A few
samples have already been measured by this tech-
niquea4) Knowledge of these diffusion parameters
is important not only for understanding the emana-
tion of radon originating in the concrete itself,
but also for characterizing the transport of radon
from other sources through concrete bullding com-
ponents. The latter is necessary for us to evalu-
ate the extent to which radon from solil and rock
underlying bulldings affects indoor concentrations
of radon.
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Indoor Concentrations of Radon and its Daughters

During FY 1980, we completed a review of
avallable information on indoor radon and
daughtePSQB This review, as expected, indicates
that the range of indoor radon concentrations is
very large. Perhaps more importantly, it
emphasizes the fact (established primarily by LBL
work) that in U.S. housing the major influence on
indoor radon concentrations is the source strength
rather than the alr exchange rate, a crucial con-
clusion for formulating strategies for energy con-
servation and indoor air quality control.

LBL has conducted surveys in both energy-
efficient and conventional houses, measuring radon,
infiltration rate and, in most cases, radon
daughters. Radon and its daughters are measured
using grab samples, and the infiltration rate is
meagured by a tracer gas technique. Occupants are
asked to close windows and doors for the night
prior to measurements to assure a degree of
correspondence between the observed radon concen-
trations and infiltration rates and thereby yield
the radon source strength. These surveys indicate
the range of source strengths and concentrations in
houses and provide a basis for more intensive
research characterizing indoor exposures and the
influence of energy-conservation and control
measures.

Two of these surveys, one in energy-efficient
and one in conventional houses, were conducted
largely in FY 1979, with subsequent analysis of
results in FY 1980. The "energy-efficient" houses
surveyed in the United States and Canada were typi-
cally demonstration or research houses, privately-
owned residences built to assure low infiltration
rates, or passive solar houses with rock-bed heat
storage. Measured radon concentrations and infil-
tration rates in these houses are shown in Figure
1. If the radon source strengths were the same for
all these houses, and if the outdoor radon concen-
trations were low, the points would be on a
straight line. Source strengths were found to
differ by more than a factor of 10, however, even
in this small number of houses.

The second 1979 survey group, 26 conventional
houses in the San Francisco Bay Area, was examined
in a similar manner.! Radon concentrations in
these houses ranged from 0.4 to 0.8 pCi/l, typi=-
cally much lower than those obtained in our
energy~efficient sample. Measured infiltration
rates ranged from 0.02 to 1.2 air changes per hour
(ach) with 80% in the range of 0.1 to 0.6. (These
infiltration rates are thought to be lower than
typical for these houses because of mild weather
conditions at the time of measurement.)

A third group of houses was surveyed during
1980. These were conventional houses in the vicin-
ity of the single energy-efficient house in Mary-
land that showed the highest radon concentration in
our earlier survey. The purposes of this survey
were to examine the efficacy of random sampling for
characterizing indoor concentrations of an entire
community and to determine whether the high radon
levels measured in the energy-efficient house
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Table 1. Emanation rates and radionuclide concentrations in ordinary concrete.

1

Average Escape-

No. of Emanation Rate per Mass {(pCikg h'T) Elemental Concentrations {(mean) to-Production
Origin of Material Samples Range Mean S.De U {(ppm) Th (ppm) K (%) Ratio (%)
Albuquerque, NM 12 0.70~1.95 1.22 0.35 2.5 6.0 1.5 22
Kansas City, MO 12 0.40-0.65 0.53 0.07 1.0 2.0 0.7 25
Philadelphia, PA 7 0.35-0.55 0. 42 0.08 0.6 1.5 0.7 17
Salt Lake City, UT 9 0.50-0.75 0.64 0.08 2.0 4.0 0.6 14
San Francisco - 21 0.65-1.10 0.83 0.12 1.5 3.0 0.6 24
Oakland, CA
Austin, TX 8 0.60-0.92 0.73 0.12 1.3 1.5 0.8 2
San Antonio, TX 8 0.27-0.72 0.46 0. 14 3.0 7.5 1.5 8
Chicago, IL 12 0.25-1.39 0.66 0.36 1.5 2.0 0.5 25
St. Paul - 5 0.54-0.75 0.62 0.09 1.5 4.0 1.5 19
Minneapolis, MN
Knoxville, TN 6 0.46~0.78 0.59 0.12 1.0 1.2 0.5 23
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Table 2. Emanation rates and radicnuclide concentrations in miscellaneocus materials.

Average
Elemental Concentrations (means) Escape-to-
Material No. of Fmanation Rate per Mass (pCikg-th-T) U Th K Production
(Origin) Samples (Mean) (ppm) (ppm) (%) Ratio (%)
Fly-ash Concrete (4%)
Knoxville, Tenn. 8 1.01 1.5 2.6 0.7 25
Phosphate Slag Concrete (20%)
Savannah, Ga. 1 0.23 0.6 2.2 0.6 14
Gypsum 12 0.61 1.0 0.5 0.2 28
four locations
in the U.S.
and one in Baja Calif.
Rock (Solar storage) 9 0.50 4,5 13.0 3.0 4
N. Mex.
Red Brick 6 0.10 3.6 10.4 1.7 1
Calif,
Adobe Brick 2 0.35 2.5 6.7 1.9 6
N. Mex.
Wood 2 0.02 - — —-— —
Western states
Soil 2 2.1 3.2 11.2 1.6 25
San Jose, Calif.
Soil 2 2.1 3.3 15.1 2.2 25

Mt. Alry, Md.




RADON CONCENTRATION vs. VENTILATION
IN ENERGY EFFICIENT HOUSES
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rig. 1. Radon concentrations and ventilation rates

in energy-efficient houses. Results are from grab
samples of radon and concurrent ventilation rate
measurements. The line indicates results from a
house in which the ventilation rate was varied
using mechanical ventilation with air-to-air heat
exchange . (¥BL 801-384)

extend throughout or beyond the community. Prelin-
inary results indicate that the source strengths
and indoor radon concentrations in this particular
area are, indeed, atypically high.

The combined data from these surveys provide
us with a unique view of radon source strengths in
U.S. housing. The two surveys of conventional
housing in the San Francisco area and in the Mary-
land area indicate differences in indoor source
strength of more than a factor of 100. Moreover,
our survey of energy-efficient houses gives source
magnitudes within the same range. A preliminary
compilation of our data is given in Figure 2, which
also shows comparable results from Englande7

CONTROL TECHNIQUES AND STRATEGIES

Of the available techniques for controlling
indoor radon and daughter concentrations, those we
investigated are designed to directly affect the
airborne concentration rather than reduce the
source strength. In particular, we have investi-
gated the effect of mechanical ventilation systems
incorporating air-to-air heat exchangers on indoor
concentrations of radon. Such systems can control
indoor pollutants other than radon and its
daughters, are applicable to existing as well as
new structures, and avoid much of the energy loss
ordinarily associated with mechanical ventilation
in heating and cooling seasons.

RADON SOURCE MAGNITUDE IN HOUSES
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Fig. 2. Frequency distribution of radon source

strengths in houses. The radon input per unit
interior volume can be calculated from measured
values of indoor radon concentration and air
exchange rate. The upper distribution shows
results obtained in England (Ref. 7). The lower
distribution shows results based on measurements in
three LBL surveys, including both conventional and
energy-efficient houses. (¥BL 803-4194)

For our initilal tests, we selected the Mary-
land house mentioned above. Using a mechanical
ventilation system with alr-to-air heat exchange to
vary the air exchange rate, we measured both radon
and radon daughter concentrations for a two-week
period. The line shown in Figure 1 represents the
equilibrium radon concentration. Individual
daughter concentrations yielded the potential alpha
energy concentrations (PAEC) shown in Figure 3.8

These measurements indicate a very complex
behavior of individual daughter concentrations (and
even PAEC), with an as yet ill-defined dependence
on particulate concentrations. This complexity,
also observed in our laboratory measurements, can=-
not as yet be understood in terms of existing
models for indoor concentrations of radon and its
daughters. Its explanation awaits more comprehen-
sive measurements in controlled conditions and more
complete modeling of the behavior of indoor radon
daughters and particulates.
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RADON DAUGHTER WORKING LEVEL

Energy Research House
With Mechanical Ventilation
Carroll County, Maryland
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Fig. 3. Variation of potential alpha energy concentration (PAEC) with time. Five

ventilation rates were examined using mechanical ventilation with air-to-air
(The indicated EPA guideline for average

exchange during a two-week test period.

PAEC applies to houses on land reclaimed from phosphate mining.)

In addition to the energy-efficient Maryland
house, we have also begun to study the effective-
ness of ventilation with air-to-air heat exchangers
for radon control in a number of recently buillt
conventional houses. As discussed in the section,
"Mechanical Ventilation with Air-to-Air Heat
Exchangers," these houses were selected as having
relatively low infiltration rates, i.e., 0.6 ach or
less.

We have begun to assess the potential use of
mechanical ventilation and other control measures
for limiting radon exposures in conventional and
energy-efficient houses. As indicated by findings
to date, present exposure rates vary substantially
among geographic areas and from house to house in
the same area, A significant percentage of the
population receives exposures in the "occupational®
range, that is, in the vicinity of 1 Working Level
Month (WLM) per year or higher. National programs
implementing ordinary tightening measures-~those
that reduce existing infiltration rates (typically
0.5 to 1 ach) by about 25%--will not increase this
incidence greatly. (Independently of programmatic
decisions to employ infiltration-reducing measures,
however, it appears that some remedial action is
required in cases where radon exposures are found
to be high.) On the other hand, in new, very
tightly constructed houses where infiltration rates
are being reduced to as low as 0.1 ach, ventilation
or air-cleaning systems appear to be required to
control the levels of indoor-generated pollutants,
including radon. Strategies to control radon expo-
sures could have two complementary goals: to assure
that virtually no exposures exceed a designated
limit, as yet undetermined; and to design buildings
to assure an acceptably low average exposure, also
to be determined. Development of such limits
requires substantial work characterizing indoor
daughter concentrations. (See reference 9 for dis-
cussion of these issues.)
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INSTRUMENTATION DEVELOPMENT

We have devoted substantial efforts to
developing and evaluating instrumentation, pri-
marily for measuring airborne radon and daughter
concentrations, but also for source monitoring.
Particular attention has been given to alpha spec-
troscopic methods for both field monitoring and
laboratory measurement of radon daughter concentra-
tions. We have analyzed itwo-count procedures used
to measure individual daughters, adjusting the tim-
ing of the counting intervals to maximize preci-
sion.'0 Results of this analysis, shown in Figure
4, compare favorably with other techniques employ-
ing total measurement time in the vieinity of 40
minutes. An instrument with parameters chosen on
the basis of this analysis yielded the results
shown in Figure 3. An automated instrument using a
two=count spectroscopic procedure is being fabri-
cated for use in experiments studying radon
daughter behavior. In addition, we have analyzed
the suitability of rapid single-count spectroscopic
methods for field measurements of PAEC. This
analysis indicates that a single~count procedure
taking a total of 11 minutes yields the PAEC with
statistical uncertainty less than 20%, and with
methodological error due to assumptions about
equilibrium conditions ordinarily less than 20%.

In cooperation with the air-to-air heat
exchanger project, we have also designed and fabri-
cated an automatic system, the YAardvark®, for
field measurement of indoor radon concentration.
The Aardvark uses a continuous radon monitor previ-
ously described! and measures infiltration rate by
means of tracer gas techniques and infrared
analysis12 (see Table 3 for approximate parame-
ters). A more complete system incorporating an
automatic spectroscopic daughter monitor of the
kind mentioned above is under development for use
in a "radon research house.”
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Table 3. Features of the Aardvark instrumentation

gystem.

Computer controlled

Ventilation
-Tracer gas (SFg) decay
-Measurement every 1.5 hours
-Automatic analyzer calibration

Radon
-Continuous raden monitor (after Thomas)
~Average measurement every 3 hours
~Precision: 50% uncertainty € 0.25 pCi/l

Temperature
-Seven points: indoor (2), outdoor (1),
heat exchanger airstreams (4)
-Recorded each 1/2 hour

Furnace activity
~Continuously monitored for change in
state (on/off)
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We have also engaged in testing and refining
integrating radon monitors for our field program,
including those based on thermocluminescent and
track etch detection. The passive environmental
radon monitor, PERM91 has been modified and tested
to determine the effect of various features on its
sensitivity and stability. In addition, we have
conducted chamber studies to measure the sensi-
tivity of track etch detectors and are examining
thelr usefulness by pairing such detectors with
other measurement devices in our field studies.

A new development this year has been the
design and fabrication of a prototype radon
“spniffer® to be used in houses for identifying
places at which radon enters the structure. 1In
preliminary tests, the prototype performed as
designed, and more detailed laboratory and field
testing is continuing. If such devices can be used
to measure soll gas concentrations, we may be able
to determine time correlations between radon source
behavior and indoor concentrations.

PLANNED ACTIVITIES FOR FY 1981

The major projects already initiated will con-
tinue during 1981. We will conduct laboratory and
field (in situ) studies of radon sources, including
building materials and soils. Field projects will
also use the radon "sniffer" to observe entry of
radon into homes.

Monitoring of radon, radon daughters, and
infiltration rates in conventional and energy-
efficient buildings will be continued, both to
determine the range and distribution of source
strengths and concentrations and to correlate these
parameters with structural and operational features
of buildings. Cooperative efforts with organiza-
tions such as commercial home builders and utility
companies will continue, as will our joint under~
takings with the air-to-air heat exchanger project
and the combustion pollutants group.

In our instrumentation development and evalua-
tion work, we will continue to give attention to
passive and active field radon monitors, field and
laboratory radon daughter monitors, and source-
monitoring techniques.

Several fundamental topics must be addressed
more vigorously than heretofore if we are to
characterize indoor radon and its daughters suc-
cessfully, i.e.:

1. geographic distribution of radon sources

and strengths;

2. radon transport into structuress

3. behavior of daughters indoors (including
the effect of removal processes);

4, sensitivity of measurement techniques

under various environmental conditions.

With additional support from DOE/Environment, we
can undertake such studies in FY 1981. The first
two of these research areas will receive modest
emphasis as part of our program of source studies.

A much more intensive effort will be devoted
to studies of radon daughter behavior in a Yradon



research house.”" This facility, now being esta-
blished in an off-campus University of California
building, consists of a three=room area that is
being refurbished to permit control of infiltration
rate over the range typical of U.S. housing. A
gas-fired hot-air heating-ventilation system that
can accommodate potentially interesting air-
cleaning devices is now being installed. The
research house is being instrumented for automatic
remote measurement of air exchange rate, radon con-
centration, individual daughter concentrations,
temperature, and wind, as well as for measurement
of particulate concentration, particle size distri-
bution, and humidity. The instrumentation package
will also permit study of air transport between
roons, using tracer-gas techniques.

The studies of radon and daughter behavior in
this research house will serve as a basis for
indoor radon modeling and for testing or evaluating
control techniques. Although some of our effort in
FY 1981 will be expended on such modeling and test-
ing, more substantial resources must be devoted to
acquiring an adequate understanding of the research
areas listed above.

Finally, the radon research house, ag well as
other LBL facilities, will serve as gites for
evaluating field monitoring instrumentation. Dur-
ing FY 1981, LBL will initiate a routine program of
interlaboratory comparisons of radon monitoring
instrumentation.
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FIELD MONITORING OF INDOOR AIR QUALITY*

J. Berk, M. Breen, S. Brown, I. Ko, J. Koonce,
B. Loo, J. Pepper, A. Robb, P. Strong, 1. Turiel, and R. Young

INTRODUCTION

One of the primary considerations involved in
setting energy-efficient ventilation standards is
their effect on indoor air quality. In support of
the various laboratory research projects ongoing in
the BVIAQ group, this project conducts on-site
measurements of numerous parameters of indoor ailr
quality in a variety of building types, including
structures that have been weatherized and otherwise
retrofit and new construction specifically designed
for energy-efficient performance. By manipulating
ventilation rates and measuring such comfort paranm-
eters as molsture, odor, and humidity as well as
the levels of indoor-generated pollutants (see
Table 1), we hope to ascertain what level of venti-
lation is required to assure a comfortable and safe
indoor environment without compromising energy-
conservation goals. It is important that any ven-
tilation standards recommended on a wide scale dif-
ferentiate the needs of various categories of
buildings based on structural factors specific to
the building, the source strengths of the indoor
pollutants encountered, the relative hazards of the
pollutants present, and the way the building is
used by the occupants. (Schools and hospitals, for
example, have different needs from those of
residences, and occupant behavior and activity
affects the air quality in houses.) Much of oupr
work is accomplished in the Energy Efficient Build-
ings (EEB) Mobile Laboratory, an instrumented
facility that can be stationed at a field site for
extended periods of time. The capabilities of the
mobile laboratory and the field sampling sites
visited this year are described below.

EEB Mobile Laboratory

Since its construction in 1978, the EEB Mobile
Laboratory has been used extensively in our field
monitoring projects. As shown in Figure 1, the
unit is positioned outside a building whose air
guality is to be monitored. Alr sampling lines are
installed at several sites within the structure
under study and terminate inside the laboratory
where the air monitoring instrumentation is
located. As a general practice, we sample the out-
door air in order to determine what fraction of the
pollution indoors originates outside. For indoor
sampling, we select three sites to account for the
spatial distribution of pollutant sources and
incomplete mixing of the interior air, both of
which can cause variations in the pollutant concen-
tration from one room to ancther. Air is sampled
sequentially from these four locations with a
microprocessor-controlled sampling and data logging
system.,

# This work was supported by the Assistant Secre-~
tary for Conservation and Solar Energy, 0ffice of
Buildings and Community Systems, Buildings Division
of the U.S. Department of Energy under Contract No.
W-7405-ENG=-48.

1.

Fig.

The EEB Mobile Laboratory.
(¢BB 806-7077)

The total exposure to occupants is determined
not only by the respective pollutant concentrations
in the rooms occupied, but also by the time spent
in these rooms, for the concentration of any single
pollutant may vary widely over the course of time.
Figure 2 shows the concentration of nitrogen diox-
ide over a 24-hour period in the kitchen of a
Wisconsin farmhouse. Nitrogen dioxide is a product
of combustion; in this house, propane cooking,
cigarette smoking and a woodburning stove consti-
tuted the combustion sources that we see reflected
in the peaks.

Table 1 lists the various parameters that can
be measured by the mobile laboratory, and the
relevant method or instrumentation it uses. Most
of the gaseous pollutants, as well as air exchange
rates and comfort and meteorclogical parameters can
be measured on a continuocus basis, as indicated.
Several of the pollutants, however, because of
their physical and chemical properties or low con-
centrations, must be measured on a time-integrated
basis. Often these measurements must be made
directly at the sampling site rather than in the
mobile laboratory. For example, radon measurements
are made in the structure under study for a one-
week period using a portable bhattery-operated dev-
ice which records the alpha decays from decaying
radon atoms. ! Formaldehyde and total aldehydes are
collected over periods up to 24 hours using
temperature- and flow-controlled gas bubblers.2
Other organic contaminants are collected over
periods of hours using the porous polymer Tenax-GC
as an adsorption medium. This collection system is
still under development (see Organics). Inhalable
particulates are divided according to size and col-
lected on teflon filters, typically for 24~hour
periods.3 Most of these collection devices were
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developed at LBL and all require subsequent labora-
tory analyses to determine composition and concen-
trations.

ACCOMPLISHMENTS DURING 1980

During the sampling year, which began in the
summer of 1979 and continued into 1980, we used the
EEB Mobile Laboratory to monitor the Minimum Energy
Dwelling, MED=-II, in Mission Viejo, California, the
Oakland Gardens Elementary School in Bayside, New
York, the Fridley Jr. High School in Fridley, Min-
nesota, two highly energy-efficient houses in
Northfield, Minnesota and in Dundas, Minnesota, and
a retrofitted residence in Rio, Wisconsin.

Oakland Gardens Elementary School

Air guality was monitored in two classrooms, a
corridor, and outdoors for a period of seven weeks,
and odors measurements (sensory perception, odor
acceptability and chemical composition) were made
by an LBL subcontractor, The Research Corporation
of New England (TRC), for a two-~week period. Ven-
tilation of the classrooms was controlled by a sys-
tem that exhausted air through ducts under negative
pressure to exhaust fans located on the roof. Out-
door air entered through cracks around the windows.
We restricted the exhaust flow by various means in
order to monitor indoor air quality under different
ventilation conditions. The three rates selected
ranged from a high of approximately 14.8 m3/n
(8.8 efm) per occupant to a low of approximately
4.4 m3/n (2.9 efm) per occupant, with one inter-
mediate rate of approximately 8.2 m3/h (4.9 ofm)
per occupant.

In terms of pollutants, the only problems
encountered were high levels of particulates in the
hallway (but not in the individual classrooms) and
an elevation in nitrogen dioxide levels (both
indoors and outdoors) close to or slightly exceed-
ing EPA ambient air quality standards. TRC find-
ings showed a decrease in odor acceptability in one
of the classrooms at the lowest ventilation rate.
The small number of panelists used and the large
uncertainty margin inherent in odor measurements
make these data difficult to evaluate. We con-
cluded that ventilation rates could be safely
reduced to the intermediate level of 8.4 m3/h
(5 efm) per occupant (one-~half the level recom-
mended by ASHRAE) without any adverse effects on
health, safety, and comfort of the occupants.

Fridley Jr. High School

The study at Fridley Junior High School was a
demonstration project jointly conducted by LBL and
its subcontractor, Honeywell Inc. The purpose of
this study was to determine the feasibility of
operating a variable ventilation control system
based on COp levels which serve as an indication of

Fig. 2. Total inhalable particulate mass

(<15 W) and fine particle fraction (<2.5 W) at a
Wisconsin farmhouse. Occupants refrained from
cigarette smoking for the final two days of the
study. (XBL 808-1592)



Table 1.

Instrumentation used in the EEB Mobile Laboratory.

Purpose

Method/Instrument

Manufacturer/Modet

Contindous monitoring of the
following parameters:

Gases:
COy
co
S09
NO, NOy
03

Indoor temperature & moisture:

Dry-bulb temperature
Relative humidity

Outdoor meteorology:

Dry-bulb temperature
Relative humidity
Wind speed

Wind direction

Solar radiation

Infiltration

Time-averaged monitoring of
the following parameters:

Gases:
Radon

Formaldehyde/total
aldehydes

Selected organic
compounds

inhalable particulates
{fine & coarse fractions)

Data acquisition:

NDIR

NDIR

UV fluorescence
Chemituminescence
UV absorption

Thermistor
Lithium chloride hygrometer

Thermistor

Lithium chloride hygrometer
Generator

Potentiometer

Spectral pyranometer

Automated controlled-flow
measurement or tracer gas
decay/IR absorption

Electrostatic collection/
thermoluminescence

Absorption {gas bubblers)/
colorimetry

Tenax GC adsorption tubes/
GC analysis

Virtual impaction/
filtration

Microprocessor
Multiplexer A/D

Floppy disk drive
Modem

Horiba PIR 2000
Bendix 8501-5CA
Thermo Eleciron 43
Thermo Electron 14D
Dasibi 1003-AH

Yellow Springs 701
Yellow Springs 91 HC

MR1 915-2
MRI1915-2
MR 1074-2
MRI 10742
Eppley PSP

LBL/Wiikes

LBL
LBL

LBL

LBL

Intel System 80/20-4
Burr Brown Micromux
Receiver MMB016 AA
Remote MMB401
ICOM FD3712-56/20-19
Vadic VA-3178

occupancy; that is changes in occupancy levels are
reflected in fluctuations in carbon dioxide concen-
tration which is monitored by a sensing device
that, in turn, regulates the ventilation rate
accordingly. Such a control system, because it
responds to actual occupancy conditions rather than
having an arbitrarily fixed rate, promises signifi-
cant energy savings. The study was restricted to
the music wing of the school which contained a band
room, two chorus rooms, and many practice rooms.
Outdoor air entered the rooms by natural Infiltra-
tion and through the ventilation system's COp-
controlled outside air damper. The operating set
point at which the outside air damper began to open
was set at 3,000 ppms at 5,000 ppm, the lowest
existing standard for COs; concentration, the damper
opened fully. During the test period, the occu-
pancy level was low enough that infiltration alone
was sufficlent to keep the COp levels below 3,000
ppms thus the energy savings were significant.
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Energy Efficient Houses

Table 2 summarizes the indoor air quality data
collected at five energy-efficient houses
throughout the 1979-80 year. The house in Carroll
County, Maryland was an energy-efficient research
house which, in addition to other energy-conserving
features, had a plastic vapor barrier to minimize
infiltrations this house had electric appliances
and was occupied by LBL field personnel during the
sampling period. The house in Mission Viejo, Cali-
fornia was bullt by a large home building company
as a model home incorporating several energy-
conserving features. It has natural gas appliances
and was occupied by a family of three during the
sampling period. Both houses in Minnesota were
owner-designed and include many energy-conservation
features. Because of the very low air exchange
rates achieved in these latter houses, indoor mois-
ture problems arose. To circumvent these and other



Table 2. Indoor air quality measurements in five energy-efficient occcupied houses.
Carroll Mission Northfield, Dundas, Rio,
County, Md. Viejo, Calif. Minn. Minn. Wisc.
HX off HX on HX off HX on

Infiltration
rate (ach) 0. 152 0.4 0,1 0.3 0.1 0.3 0.3
Co (ppm) 1.2 1.4 0.5 0.4 0.7 0.4 2.2
COs (ppm) 598 689 1175 722 1316 478 1125
NOo (ppb) 9 i1 15 16 19 20 77
NO (ppb) 5 iy 5 2 70 5 72
505 (ppb) 3.2 0.9 1.0 17 — - 9.0
03 (ppb) 4,3 15.6 17 1.7 9.0 9.3 15.0
Particulates=- 92,4b
fine (ug/m3) 7.8 32.6 " 6.8 6.8 19.5 8.0 6.0
Particulates—- 129.6b
total (Ug/m3) 9.9 48.9 14,8 13.8 27.9 14,6 23.5¢
Formaldehyde
(ppb) 98 214 69 73 80 6l 53
Total
aldehydes
(ppb) 150 227 99 91 122 163 81

a4 ALl values represent average concentrations during the monitoring period.

b Smoking.

¢ No smoking.

possible indoor air quality problems, we recom=
mended the installation of air-to-air heat
exchangers in both houses, and air quality measure-
ments were taken with and without the heat
exchangers operating (0.3 and 0.1 air changes per
hour, respectively). Both houses had electric
cooking appliances. The Northfield house was occu=
pied by a family of five and the Dundas house was
occupied by a family of two. The Rio, Wisconsin
farmhouse had been retrofitted (storm windows,
weatherstripping, and a vapor barrier on the inte-
rior walls). It was occupied by a family of five,
one of whom was a cigarette smoker, and propane
cooking appliances were used. The house was heated
with a woodburning stove which was located in the
basement.

As indicated in the table, the infiltration
rates in these houses is considerably less than the
national average. No significant carbon monoxide
problems were observed in any of the houses. (Such
problems are usually associated with unvented or
improperly tuned gas appliances or cracks in the
heat exchanger surrounding the combustion chamber
which can cause combustion gases to enter the ven-
tilation system.) Carbon dioxide levels remained

low and were expected to remain low unless a large
number of people were present. In the two Min-
nesota houses where alr-to-air heat exchangers had
been installed in the basement, it is clear that
these devices were effective in reducing the con-
centrations of pollutants originating in this area.
The high levels of nitric oxide in the Dundas house
before the heat exchanger was turned on were asso-
ciated with the operation of a basement oil-burning
furnace, and the dramatic reduction effected by the
heat exchanger was because its exhaust inlet was
adjacent to the furnace.

Very high levels of particulates were measured
in the Rio, Wisconsin house. As 1s evident in
Table 2 and in Figure 2 (which shows the levels of
total inhalable and fine particulates measured for
a two-week period in the dining room of this house)
the difference in particulate levels between smok-
ing and non-smoking periods is dramatic. Although
this house differed from the others in using pro-
pane combustion appliances and a woodburning stove,
the data clearly confirm that the significant rise
in particulates was attributable to cilgarette
smoke,



PLANNED ACTIVITIES FOR 1981

In FY 1981, we will conduct intensive field
monitoring at additional sites, as described below:

@ Detalled indoor air quality measurements
will be taken at two houses in Medford,
Oregon that are being retrofitted as part
of a weatherization program sponsored by
the Pacific Power and Light Company, in an
energy-efficient earth-sheltered house in
Minnesota, and in a house undergoing exten-
sive retrofit as part of the "house doctor®
program conducted by Princeton University.

Air leakage measurements will be taken in
approximately six other houses involved in
the PP&L weatherization program.

Heat exchanger performance will be
evaluated in several energy-efficient
houses in Rochester, New York. Parameters
to be tested are: their effectiveness in
improving indoor air gquality, their

performance in cold weather, including
potential freeze-up and leakage problems,
and their cost-effectiveness in saving
energy.
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MECHANICAL VENTILATION SYSTEMS
USING AIR-TO-AIR HEAT EXCHANGERS*

G. Roseme, W. Fisk, and F. Offerman

INTRODUCTION

One of the primary means of reducing energy
consumption in buildings is to reduce infiltration,
the uncontrolled leakage of air into and out of
buildings. When the infiltration rate in houses is
lowered through various weatherization measures,
the levels of indoor-generated air pollutants
(e.g., odors, chemlical contaminants, molsture, for-
maldehyde, and radon gas) can build up and degrade
indoor air quality. One possible method to resolve
the problem without compromising energy efficiency
is to use a mechanical ventilation system with an
alir-to-air heat exchanger. A research program to
investigate the pollutant control capability and
energy performance of these systems is underway at
Lawrence Berkeley Laboratory.

The essential feature of the heat exchanger is
that it brings the incoming and exhaust air into
close proximity in its "core" where heat is
exchanged between the two air streams. Such dev-
ices are commercially available in a number of dif-
ferent configurations. Figure 1 illustrates a
fully ducted installation in the attic of a house,
and Figure 2 depicts the principle of operation.

# The work was supported by the Assistant Secretary
for Conservation and Solar Energy, Office of Build-
ings and Community Systems, Buildings Division of
the U.S. Department of Energy under Contract No.
W=TH05-ENG-48 .,

Three tasks have been delineated to accomplish
the goals of this project:

1. Analytical and experimental (laboratory)

evaluation of air-to-air heat exchanger

performances

2., Installation and testing of various heat
exchanger/ventilation systems in occupied
homes;

3. Economlc analyses of heat exchanger/

ventilation systems in different cli-
mate zones of the U.S.

Fig. 1.
exchanger.

Attic installation of a residential heat

(¥BL 812-8054)
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Fig., 2. Principle of thermal transfer in a heat
exchanger. (XBL 813-8790)

ACCOMPLISHMENTS DURING FY 1980

Laboratory Testing

The experimental evaluation of air-to=-air heat
exchangers at our test facility was initiated early
in 1980, Five commercially available residential
size heat exchangers have been tested for thermal
performance versus flow rate. In two of these heat
exchangers, the performance of the fan system was
also measured using a newly constructed Fan Perfor-
mance Test System. The results of this testing
program are detailed in an LBL report entitled The
Performance of Residential Air-to-Air Heat
Exchangers: Test Results and Methods.! Heat
exchanger "effectiveness® is the ratio of actual

heat transfer within a heat exchanger to the max-
imum level that is theoretically possible. Figure
3 is a graph showing the measured effectiveness
versus flow rate for these heat exchangers.

Cross~leakage between the airstreams within a
heat exchanger can affect both the thermal perfor-
mance of the unit and its ability to remove indoor
contaminants. A cross-leakage test system that
uses a tracer gas to measure the rate of leakage
between heat exchanger alrstreams was constructed
during 1980. Cross-leakage tests have been com-
pleted for two heat exchangers. One heat exchanger
showed very high cross leakage rates (up to 30% of
the airstream flow rates) when the airstream pres-
sures were highly imbalanced. The leakage in the
second heat exchanger was only a few percent of the
airstream flow rates.

Field Testin

A field testing project to evaluate the use of
mechanical ventilation with heat recovery for con-
trolling indoor radon and formaldehyde concentra-
tions was conducted by LBL with the National Asso-
ciation of Home Builders Research Foundation Inc.,
and Geomet Corporation as subcontractors. For this
study, two air-to-air heat exchangers were
installed in a home built by the Home Builders
Association that had elevated indoor concentrations
of radon and formaldehyde. Formaldehyde and radon
concentrations versus ventilation rate were meas-
ured for a two-week period. The natural infiltra-
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Fig. 3. Effectiveness versus flow rate for five models of residential air-to-air
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tion rate of the home with the doors and windows
closed was found to vary between 0.1 and 0.25 air
changes per hour {(ach) depending on outside weather
conditions. When the alir exchange rate was
increased to 0.6 ach by mechanical ventilation, the
radon concentrations in the home were reduced from
very high levels t0 a level below EPA guidelines
(established for homes built in Florida on land
reclaimed from phosphate mining). The findings
from this study are detailed in an LBL report enti-
tled The Use of Mechanical Ventilation with Heat
Recovery for Controlling Radon and Radon Daughter
Concentrations.<

Another field study initiated this year is a
joint project with the New York State Energy
Research and Development Administration, Rochester
Gas and Electric Company and the Rochester Insti-
tute of Technology. Thus far, approximately 60
homes built by two commercial builders in the
Rochester area have been tested for air-tightness
using a blower door designed by LBL. We have
selected nine of these homes for a study of indoor
air quality, and the energy efflciency and pollu-
tant reduction capability of mechanical ventilation
systems with heat exchangers. In seven of the
homes, a small computer-controlled ventilation mon-
itoring system, called the AARDVARK, will be used.
Figure 4 is a photograph of the AARDVARK, which
measures average ventilation rate every 1.5 hours
and average radon concentration every three hours.
The AARDVARK, pictured in Figure Y, also monitors
the furnace on and off times; these data will be
used to determine the energy consumed by the home
heating system. In addition, the system monitors
the thermostat setting, the outside temperature,

Fig. 4.
radon monitor.

AARDVARK=--automatic infiltration and

(BBC 800-12102)

the four temperatures at the inlets and outlets of
the heat exchanger,; and one other interior tempera-
ture. Studies will be conducted in each home for
one week without mechanical ventilation and one
week with mechanical ventilation. Average daily
formaldehyde concentration and average weekly
nitrogen dioxide concentration are also being meas-
ured in these homes. In the remaining two homes in
the study, indoor pollutant levels and ventilation
rate will be measured by the EEB Mobile Laboratory
(see Field Monitoring).

Economic Analyses

An economic analysis of the residential use of
mechanical ventilation systems with heat exchangers
was made in FY 1980 and is presented in an LBL
report entitled Residential Ventilation with Heat
Recovery: Improving Indoor Air Quality and Saving
Energxaj The analysis indicates that these systems
can be cost-effective in most geographical areas of
the country if the initial cost of the heat
exchanger including installation is in the range of
approximately $400 to $500. In cold climates, a
higher initial cost remains cost-effective.

PLANNED ACTIVITIES FOR FY 1981

In addition to the continuing field program in
Rochester N.Y., field studies of installed air-to=-
alr heat exchangers will be undertaken in central
Washington state (in a joint project with Bonne-
ville Power Administration) and in Minneapolis,
Minnesota. In the Washington project, six occupied
homes will receive a one-day "house doctor' retro-
fit and an additional six will receive two-day
"super retrofits" to reduce air infiltration. Heat
exchangers will be installed in each of the twelve
homes. Indoor air quality measurements will be
made prior to the retrofit and after retrofit, with
and without the heat exchanger operating. The
focus of the Minneapolis study, which involves only
one home, is to assess the performance of a heat
exchanger in a cold climate. Heat exchanger effec-
tiveness and alrstream flow rates will be moni-
tored, and visual inspections will be made for
freezing within the heat exchanger core. The data
obtained from the field studies and laboratory
tests will be used to reassess the economics of
employing air-to-air heat exchangers in homes.
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ENERGY-EFFICIENT WINDOWS PROGRAM™

S. Selkowitz, S. Berman, R. Johnson,
J. Klems, C. Lampert, M. Rubin, and R. Verderber

INTRODUCTION

Approximately 20% of the annual energy con-
sumption in the United States is used for space
conditioning of residential and commercial build-
ings, and about 25% of that figure 1s required to
offset heat loss and heat gain through windows.
other words, 5% of our national energy consumption,
3.5 quads annually, or the equivalent of 1.7 mil-
lion barrels of oil per day, is tied to the thermal
performance of windows.

An important aim of the Windows and Daylight-
ing Program is to develop a sound technical base
for predicting the net energy performance of wine
dows and skylights, including both their thermal
and daylighting aspects. This capability will be
used to generate guidelines for optimal design and
retrofit strategiles in residential and commercial
buildings, and to assist development of effective
new materials and designs. Of critical importance
to our program 1s that both design professionals
and the public recognize, accept, and use this
information. To that purpose we have implemented a
broadly based program that encompasses research and
development projects, field demonstrations, market
studies, and information dissemination activities.
While most of the program is conducted at LBL, por=
tions are performed under subcontract, with LBL
maintaining technical management responsibility.

ACCOMPLISHMENTS DURING FY 1980

Cur work 1s organized into four major areass
(1) Window Performance: Analysis and Testing; (2)
Fenestration Systems: Research, Development, and
Demonstration; (3) Daylighting; and (4) Program
Planning and Support.

Window Performance: Analysis and Tesgting

Analytical Modeling

The ability to accurately model all aspects of
the energy-related performance of windows is a
prerequisite to optimizing energy-efficient design
strategies and product selection. Analytical
models are required at several performance levelss
for component materials and assemblies, for iso-
lated window systems, and for windows or skylights
studied in the context of a surrounding building.
In addition, while some models are needed to
predict single performance variables such as con-
ductance, air leakage, or solar transmittance, the
primary goal is to create models that predict net
energy performance over time.

# This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Buildings and Community Systems, Buildings Division
of the U.S. Department of Energy under Contract No.
W=TH05-ENG-U8.
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A number of improvements have been made to our
window heat-transfer program, THERM. It can model
a window that is composed of an arbitrary number of
layers, such as glass panes or plastic films. The
effects of plastic substrates that are semi-
transparent to long-wave infrared radiation can now
be properly modeled. Any layer may have a thin-
film coating (heat mirror, solar-control film, opt-
ical shutter, anti-reflection coating), and the
space between may contain a gas having a low ther-
mal conductance., Extensive parametric studies of
heat-transfer rates of windows having btransparent
heat mirrors and gas fills were performed this
year. Figure 1 shows the effects of heat-mirror
coating position and emissivity on the overall
thermal conductance of single, double, and triple
glazing. A significant new result from these stu-
dies was the discovery that if a plastic film
coated with a heat mirror is mounted in the air
gpace of a double-glazed window, asymmetric mount-
ing of the plastic film provides lower heat-
transfer rates than does a film located in the
center. The effect is most significant for small
alr spaces.

.
lX Le.l.
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Fig. 1. U-value vs. emissivity for single, dou-

ble, and triple glazing with low-emissivity
coatings on several different surfaces. Sur-
faces are numbered consecutively starting from
the outside surface. (XBL 807-3489)



The detalled window model may be coupled with
another newly developed program that simulates
hour=-by-hour weather conditions in a given city and
employs a simplified thermal model of the building.
With this program, the yearly energy loss or gain
attributable to the glazed area can be predicted.
This program has been tested with ordinary
multiple-pane glass windows and with windows that
incorporate heat mirrors.

New algorithms and data were developed this
year to expand the capabilities of the DOE-2 Build-
ing Energy Analysis program. The public-domain
version was modified to allow use of triple glazing
with clear or with heat-absorbing glass types.
Other energy-conserving windows, such as heat mir-
rors, solar-control films, and gas fills, are being
added to our development version of DOE-2. A stan-~
dard set of input data has been compiled to test
the sensitivity of window energy consumption to
climatic factors and building construction. These
results will allow us to make specific recommenda=-
tions about the use of new energy-efficient window
designs for residential and commercial bulldings in
different parts of the country.

A study of the effect of movable insulation on
heating loads in a residence in Minneapolis was
extended to include results of changes in the stan-
dard house operating schedule and the incorporation
of new sun=control options for three diverse cli-
mates. The trends and patterns observed were simi-
lar to the Minnesota case, although the magnitude
of the savings was greatly reduced., These results
further reinforce the finding that insulating
options beyond R5 offer only marginal improvements
in most cases. Preliminary studies of fixed and
operable shading devices and daylighting strategies
in commerclal buildings were also undertaken.

Parametric studies of the type described above
are important for helping specifiers and producers
of products choose from a bewildering array of new
products. In September 1980 we published an
updated listing of commercially available window-
insulating products. The list nearly doubled dur-
ing a nine-month period and continues to grow. For
each product, it includes calculated and measured
thermal-performance data in a consistent format to
assist building designers in making intelligent
decisions regarding window-insulating products.

Performance Testing

In 1977, we established a Building Technology
Laboratory in the College of Environmental Design
of the University of California, Berkeley, to sup-
port our research and development activities, to
provide independent testing and evaluation of
materials and products submitted by subcontractors,
and to permit evaluation of new products being
introduced to the market. Testing facilities
include a calibrated hotbox (shown in Figure 2),
which is now being used to test the thermal perfor-
mance of windows and associated energy-conserving
accessories. A sample of devices now on the market
or prototypes of devices soon to be on the market
was tested to establish a baseline against which
future improvements in window performance can be
compared. Sample results are shown in Figure 3.

The heat-1loss and heat-gain rates of windows
can be improved with the use of thin-film coatings
on glazing materials. To fully characterize glaz-
ing material performance, we have added capabili-
ties for measuring a range of optical properties of
glazing materials and coatings. Infiltration tests
on windows are also being made in our laboratory.
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The single piece of information most relevant
to assessing the benefit to be derived from a win-
dow or window improvement is its net energy perfor-
mance under actual conditions of use in builldings.
This is a dynamic property, eszential for predict-
ing the performance of managed window systems
(i.e., windows that have thermal/optical properties
that can be manually or automatically changed by
building occupants). The laboratory testing facil-
ities described above, however, are designed pri-
marlly to conduct steady-state measurements of
static materials and devices. No experimental
methodology currently exists for measuring the net
performance of windows in situ. Accordingly, in
1980 we continued design studies on our Mobile Win-
dow Thermal Test (MoWiTT) facility, being developed
to permit the study of combined solar, infiltra-
tive, conductive/convective, and radiative heat
transfers through a window as a function of window
type and orientation and changing weather condi-
tions throughout the day (see Figure 4). Design,
scheduling, and cost estimates for the MoWiTT
facility have been completed, and construction is
planned for 1981. Development of software for its
control and data-acquisition systems is in prog-
ress. The thermal properties of each of the four
test chambers in the MoWiTT facility can be altered
by varying wall insulation level, thermal mass, and
alr-leakage rate, thus allowing us to simulate a
wide range of building conditions. Winter testing
will be conducted in a cold, mountainous location
and summer testing in a near-desert area. From
these experimental results, we will be able to
validate or modify ocur analytical models and to
rank the performances of various window-management
strategies.

An outgrowth of work on the MoWiTT facility
has been the development of a new heat-flow meter
concept. Instead of the usual method of measuring
the temperature difference across a known thermal
resistance using a deposited thermopile, this
heat-flow meter uses resistance thermometry to
measure the temperature difference (see Figure 5).

This innovation has produced a heat-{low meter
that is more sensitive than the commercial variety
and one that can be made economically in sizes
large enough to cover entire walls. This heat-flow

meter will be an integral part of the MoWiTT facil-
ity.

Fig. 3. Sample thermal transmittance vs. glass
gpacing for prototype windows. a0rdinary dou-
ble glazing (solid points) and double glazing
with aluminum foil on inside of both glass panes
(open circles). bpouble glazing with one (tri-
angles) or two {(inverted triangles) plastic
films. CDouble glazing with heat-mirror coat-
ing on plastic film, where the plastic film is
mounted on the surface of one glass pane
(squares) or suspended between panes (diamonds).
(XBL 799-29174)
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Fenestration Systemss:
and Demonstration

Research, Development,

To provide real energy savings, window innova-
tions developed by inventors in both the private
and public sectors must find thelr way to the
market and then to building installations in signi-
ficant numbers. The transition from laboratory
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Fig. 5. Schematic view of heat-flow meter
design based upon resistance thermometry.
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prototype to local building supply store is not a
gsimple one., A variety of activities are needed to
help establish the energy-saving potentials of new
and existing window products. Demonstrations and
field tests of products frequently lead us back to
the laboratory to re-investigate thermsal perfor-
mance characteristics and the properties and dura-
bilities of various materials. Several demonstra-
tion projects undertaken this year are described
below.

Transparent Heat Mirrors

A transparent heat mirror is an optical coat-
ing that is applied to a glass or plastic glazing
material to transmit the full solar spectrum and
reflect long-wave infrared radiation emitted by
room temperature surfaces. By reducing the radia-
tive component of thermal losses, the heat-transfer
coefficient of a single~ or double-glazed window is
greatly reduced.

In prior years our program has supported
several heat-mirror development projects. Several
potential manufacturers are now at the point of
introducing heat mirrors on both glass and plastic
substrates. The coated-plastic substrate would be
incorporated into a window unit elther by being
glued to glass or by being stretched across the air
space in a double-glazed unit, creating an addi-
tional air space and, thus, even better insulating
values. In 1980 several new compuber programs were
developed at LBL to provide thermal performance
values for many different window configurations
that incorporate heat-mirror coatings (see Window
Performance: Analysis and Testing section).

For both the manufacturer and the ultimate
buyer, the durability of heat-mirror coatings is an
essential attribute, Poor resistance to corrosive
and abrasive forces characterized many of the coat-
ings first developed and still remains a signifi-
cant obstacle to widespread and rapid commerciali-
zation. In 1980 we examined some of the generic
failure mechanisms of coatings by means of sophis-
ticated coating analysis equipment avallable at
LBL, by visual inspections of the coating structure
using a scanning electron microscope, and by chemi-
cal analysis of corrosion sites. A typical result
from the scanning electron microscope is shown in
Figure 6.

To prove to the architectural and engineering
community that heat-mirror coatings will save
energy without creating adverse effects, we conduct
and support demonstrations of windows incorporating
heat mirrors in new and existing buildings. In
1980 we identified and specified windows
incorporating approprilate heat-mirror coatings for
several demonstration projects. We expect to
expand this type of activity in 1981 and to assist
in analyzing and interpreting results.

High-Performance Sun-~Control Systems

Although conventional Venetian blinds are rea-
sonably successful in reducing solar heat gain
through windows, their performance could be
improved considerably. Stevens Institute of Tech-
nology, Hoboken (NJ), completed an experimental
program to determine the shading coefficients of



Fig. 6.

Scanning electron micrograph of a
degraded 5n0,:Sb heat-mirror on window glass.
EDAX analysis revealed that surface particles

were high in sodium and chlorine. This salt
formation can be traced back to diffusive chemi-
cal reactions during deposition. (XBB 801-544)

many different types of venetian blinds using an
indoor hotbox with an artifical sun. Results of
extensive testing were used to generate tables that
give the shading ccoefficients for various combina-
tions of slat tilt, reflectivity, and solar-
incidence angle. Although it was expected that
some of the blinds with highly reflective surfaces
would have shading coefficients as low as 0.2, none
having shading coefficients below 0.4 were meas-
ured., Newer blinds having experimental coatings
are expected to meet the lower value.

Optical Shutter Materials

Thin-film coatings having sun-control proper-
ties that can be changed by sunlight, temperature,
or an applied voltage represent a long-term
development goal of our program. In 1980 we com-
pleted an extensive literature search and review of
electrochromic materials that might have potential
as optical shutters for windows.

Movable Insulation Systems
Movable window insulating systems have

attracted much interest, but there is uncertainty
surrounding the real savings that can be achieved
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through their use. One such device, developed by
the Insulating Shade Company of Branford {(CT), con-
sists of multiple layers of aluminized plastic that
separate when the shade is pulled down. The air
spaces thereby created are bounded by reflective
surfaces, which create a high thermal resistance.
Two hundred of the shades were installed in a
university dormitory. Building energy consumption
was monitored and occupant use patterns studied.
Test results demonstrate that, properly managed,
movable window insulation reduces building energy
consumption. A detailed technical report will be
issued on our results.

Selective-Reflectance Coatings

Reflective and/or tinted glass is widely used
in many commercial buildings to reduce solar impact
and, thus, the energy required for air condition-
ing. This glazing, however, also reduces the
amount of daylight entering interior spaces and
thus potentially increases the use of electric
lighting. An optical coating that selectively
reflects short-wave infrared rays (which account
for approximately one-half of the sun's radiation)
but transmits visible light could, ideally, reduce
cooling loads by 50% without reducing available
illumination. Under subcontract, Kinetic Coatings,
Inc. of Burlington (MA), has used novel ion-beam
sputtering techniques to produce such a coating
that is durable and weather-resistant and can be
applied to the outside of a window.

Now in the last phase of their subcontract
program, Kinetic Coatings has demonstrated that
coatings of high quality and good uniformity can be
deposited on a thin plastic substrate in a roll-~
coating process. Coatings tailored to four build-
ing applications (residential, new and retrofits;
commercial, new and retrofit) were produced and
tested in 1980.

As noted earlier, durability of window coat-
ings is a critical issue, for coated plastic glued
directly to existing windows must withstand UV
exposure, thermal cycling, abrasion, atmospheric
pollutants, and cleaning agents. In previous years
a wide range of selective-reflectance coatings and
protective layers were produced and tested for both
optical performance and weatherability. Multilayer
metal-dielectric coatings deposited on polyester
and polypropylene substrates have shown excellent
durability in exposure tests conducted to date.

Because coating durability has been the key
uncertainty restricting the development of success=
ful energy-conserving products, we developed a
materials science analysis and test capability in
1980, We can now examine the physical structure of
coated samples by transmission and scanning elec-
tron microscopic techniques, and analyze the chemi-
cal composition of film defects by auger spectiros-
copy and EDAX techniques. Figure 7 shows the type
of data generated by this analysis.

Air-Flow Window Systems

Another category of high=performance window
systems are those known as air-flow windows. In
these systems a stream of air flowing between the



Fig. 7.

Transmission electron micrograph
(bright field at 100 kv) of an S{0p/Ag heat mir-

ror. The polyester substrate was removed for
this investigation. Diffraction information
reveals very fine silver crystallites along with
amorphous 8i0,. (XBB 801-~543)

panes of multiple-glazed windows acts as a heat-
transfer fluid. Solar gain can be either collected
or rejected as required, and daylighting can be
fully utilized throughout the year. A design
approach that has been used in Europe for many
years involves integrating the window into the
heating, ventilating, and air-conditioning (HVAC)
system and exhausting room air through the glazing
cavity. Venetian blinds in the glazing cavity can
be adjusted to allow optimum daylight penetration,
to control the glare of direct sunlight, and to
function as solar absorbers. By means of the air
flow, solar gain is either rejected to the cutside
or distributed through the HVAC system as required
(Fig. 8).

Under subcontract, windows from two manufac-
turers, one domestic and one European, were tested
during 1980 in a full-size test building at the
University of Utah. Each window was tested
separately and in side-by-side comparison with a
high=-quality conventional window. Performance data
were taken during the full range of local weather
conditions. These data are presently being
analyzed.

Although the first cost for such windows is
higher than for conventional windows, the prospect
for widespread commercialization is attractive.

The window package fits within currently accepted
architectural vocabulary, utilizes conventional
components having well established reliability, and
offers multifunctional control of energy perfor-
mance.

Another approach being investigated is one
developed at the Environmental Research Laboratory
(ERL) of the University of Arizona. Their window
system, designed primarily for residential applica-
tion, combines existing commercially available com-
ponents to achieve control of energy flows, and
relies on gravity-induced draft for heating, and on
overpressurization of the building by an evapora-
tive cooler for cooling. ERL has completed summer
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and winter testing and has written computer simula-
tion codes. The computer codes have been validated
against the test data. Performance data are being
correlated with ASHRAE solar heat-gain tables in
order to provide a design tool having widespread
applicability.

Preliminary results of performance tests on
these air-flow windows are promising. Industry
interest has been growing because of the multifunc-
tion control options, and it is expected that
U.S.=made units will be commercially available in
1981,

Daylightin

Windows and skylights provide daylight in
buildings, thus reducing both electric lighting use
and peak-power requirements. In addition, because
natural lighting has always been valued by archi-
tects and building occupants, daylighting studies
represent an area where good architectural design
and significant energy savings are mutually suppor-
tive goals.

Studies of potential annual energy savings
from maximum use of daylight in buildings require
data on daylight availability (including the fre-
quency and intensity of daylight). No source for
such data currently exists for most of the United
States. In 1979 the Pacific Gas & Electriec Company



building in San Francisco was instrumented to col-
lect and record the amount of solar and visible
radiation available at all building surfaces. An
array of thirteen pyranometers and photometers was
installed to feed readings to a data-acquisition
system at fifteen-minute intervals (see Figure 9).
Preliminary results from the first year of monitor-
ing suggest strong linear correlations between
illumination and insolation <= a finding that
encourages us to believe that daylight availability
data can be generated from existing measurements of
solar radiation. Figure 10 illustrates one tech-
nique for analyzing and displaying the data. Day-
light illumination on a vertical east-facing sur-
face i1s shown as a set of contour lines for all
hours of the day throughout the year. A general-
ized method for developing illumination availabile-
ity data from insolation is now being developed
based upon data collected in 1979 and 1980,

Accurate and efficient daylighting design
methods must be conveyed to building designers if
they are to successfully incorporate daylighting
designs in buildings. Several approaches are in
progress as part of the overall LBL program in this
area:s Under subcontract, Renssallear Polytechnic
Institute in New York began development in 1979 of
a computer program to predict daylight illumination
in interior spaces. A working version of the pro-
gram that can compute illumination for non-
rectangular geometries and can treat several types
of window-shading devices was completed in 1980,
Additional modeling capabilities are now being
added. A team at the University of Washington has
developed a graphic design method that employs
transparent overlays for daylight predictions.

This method, meant to be used by architects at an
early stage in the design process, was tested
before an audience of professional designers in
1980. Several parallel modeling efforts were com-
pleted at LBL. A technique for predicting daylight

Zenith luminance Shadow bands

Data
acquisition
system
ﬁ = Photometer
@ = Pyranometer
gj = Luminance meter
Fig. 9. Schematic of photometric and radiosen-

sor array on rooftop for determining
insolation/illumination correlations.
(¥BL 796-10182)
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illumination from clear and overcast skies was com-
pleted in 1979, and, while relatively accurate, it
requires repetitive calculations. In 1980 this
model was adapted for use with a programmable hand
calculator.

An effort to incorporate daylighting analysis
capabilities into a bullding energy analysis pro-
gram (DOE-2) continued in 1980. Although the ulti-
mate goal 1s to incorporate a daylighting algorithn
within DOE-2, a simplified approach was developed
and completed in 1980, The program calculates the
average hourly effect that daylight will have on
building lighting schedules. Results are presented
in the form of extensive tables that become input
parameters for DOE-2.

The 24-foot-diameter artificial sky dome,
designed and built on the U.C. campus in 1979 to
facilitate model studies for daylighting, became
operational in 1980 with the simulation of lumi-
nance distributions for an overcast sky. We are
now installing improved lighting controls in the
dome in order to simulate luminance distributions
for clear skies. Sky luminance distributions are
reproduced on the underside of the hemispheres
light levels are then measured in a scale-model
building under the artificial sky. From these
measurements, we will be able to predict daylight-
ing illumination patterns in real buildings. The
artificial sky already has been used for research
and teaching purposes, as well as by architects
working on daylighting features for new office
buildings (Fig. 11).

To test the combined effects of sky and direct
sun, without collimation or horizon errors, four
scale models, 3 feet by 5 feel each, were fabri-
cated and mounted on the roof of our building.
These test cells incorporate a tilting base so that
the sun's incident angle can be varied over a wide
range.

Although direct energy savings from daylight-
ing are the main interest of building owners, sig-
nificant potential savings might also accrue from
savings on peak-power demands. For example, a com-
puter simulation study of energy/peak power rela-
tionships in a 31-story office building was under-
taken in 1980 for two climate conditions. Prelim-
inary results indicate that savings on the cost of
time-of-day utility pricing as well as peak-demand
charges can equal or exceed the direct energy sav-
ings from daylighting in some buildings. This find-
ing suggests that the economic benefits to building
owners of employing daylighting strategies can be
even greater than those predicted from an analysis
of direct energy savings. Such peak-power
reductions, if properly utilized by utilities,
might also assist their own management efforts.

Because direct sunlight is the only natural
light source having sufficient intensity and colli-
mation to illuminate interior spaces deep in a
building, various design approaches have been stu-
died to exploit beam daylighting in buildings.
During the past four years we have examined the
feasibility of mounting reflective and refractive
devices in windows to take advantage of direct sun-
light. Limited computer simulation and model stu-
dies have been conducted; however, additional study
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is needed if we are to validate their technical
feasibility and cost-effectiveness,

Out of our belief that daylighting techniques
would be more widely used by architects and build-
ers if technically accurate information was more
accessible to them, we have collaborated with the
U.C., College of Environmental Design to develop a
comprehensive educational program on daylighting.
A draft of our Daylighting Resource Package, aimed
at educators and building designers and prepared in
collaboration with the Illuminating Engineering
Society, several universities, and daylighting
experts throughout the country, has been produced.
The first draft was discussed in June 1980 at a
week=long workshop in Berkeley attended by 35
university educators and 15 other experts and

Fig. 11. Exterior view of 2U-foot-diameter observers. During the next two years, the resource
hemispherical sky simulator for daylighting stu- package will be refined, expanded; and disseminated
dies. (CBB 803-2837) widely.
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Program Planning and Support

An early draft of a program plan for the Win-
dows and Daylighting program was completed and,
after revision, will be circulated for public com-
ment and review. In addition to identif'ying the
research and development required to achieve the
full energy-conservation potential of windows and
skylights, the plan will help define the links
between this program and related DOE Conservation
and Solar programs. Technical and non-technical
information on energy-conserving window designs
derived from this research program will be
transmitted to architects, engineers, manufactur-
ers, inventors, suppliers, code officials, and
researchers via a new publication, Windows for
Energy-Efficlent Buildings. This brochure reports
on the latest developments, patents, new materials
and products, legislation, etc., of concern and
interest to this audience. The first issue was
published in 1979 and a second in 1980. Circula-
tion now exceeds 6000. In the process of generab-
ing material for this publication, extensive pro-
duct files, patent files, bibliographies, and
related informational resources have been compiled
and readied for putting into computer data bases.
This capability will enable us to make fast and
extensive searches.

Another important aspect of our program is to
participate in national and international research
programs. In 1980, LBL staff represented DOE at an
International Energy Agency (IEA) meeting in Delft,
Holland, on the Energy Performance of Windows. The
participating countries agreed to share research
results and to embark on collaborative research
efforts.

PLANNED ACTIVITIES FOR FY 1981

Window Performance: Analysis and Performance Testing

Additional modifications will be made to the
window computer model THERM to permit calculation
of heating and cooling loads resulting from new
materials systems and window designs for both
residential and commercial buildings. An interconm-
parison between THERM (a sophisticated window model
coupled with a simplified building algorithm) and
DOE-2 (& sophisticated building model with rela-
tively simple window algorithms) will be completed.
We will begin analyzing results from extensive
parametric modeling of the performance of various
window-insulating and shading devices, with the
complementary goals of developing more detalled
insights into subtleties of performance and creat-
ing procedures to simplify and communicate results
to architects and engineers.

Studies of window system performance in the
calibrated hotbox will be continued. Window system
prototypes incorporating new state-of-the-art coat-
ings and glazing materials will be tested. The
primary performance-testing effort will focus on
the final design and construction of the first unit
of the MoWilT facility so that it may be calibrated
in the field in late 1981,
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Fenestration Systems: Research, Development,
and Demonstration

It is expected that the first commercially
available windows incorporating heat mirrors and
other selective-reflectance coatings will reach the
market in 1981, We will continue to test and model
the net performance of these products in an effort
to develop guldelines for their optimal utiliza-
tion. Data from several demonstration projects
will be reviewed and analyzed. Coating durability,
a central problem area, will be investigated in our
materials science program, a limited effort will be
undertaken to identify new heat-mirror materials
having improved coating properties, and thin-film/
substrate interactions will be studied. Additional
tests of candidate materials for optical shutters
will also be conducted,

Test data collected in 1980 on the performance
characteristics of air-flow windows will be
analyzed, and performance characteristics will be
compared to those of other heat-collecting window
designs,

Daylightin

A complete summary of daylighting availability
data based upon analysis of three full years of
data from our San Francisco zsite will be completed
in 1981. A recommended correlation between radia-
tion and illumination data will be developed.

The simulation capability of our artificial
sky will be completed in 1981, and improvements
will be made in modeling variable ground reflec-
tances., Plans will be completed to add a sun simu-
lator, although construction will not begin until
1982. As the facility's capabilities are lmproved,
we plan to perform an extensive series of tests
comparing results from the indoor simulator, from
outdoor tests, and from the computer modeling
studies as a means of defining the inherent limita-
tions and constraints of all model-testing studies.

In the area of daylighting computations, the
large computer model will be completed and used for
parametric modeling studies of various fenestration
and building designs. The simplified method for
adding daylighting capabilities to DOE-2 will be
replaced with a more powerful and flexible model
that operates within the hourly calculations of
DOE~-2. A working version will be completed in
1981, and plans for improving the modeling capabil-
ities will be completed in 1982,

Initial studies of the energy savings attri-
butable to daylighting will be expanded to include
the effects of daylighting and lighting controls on
a bullding's peak-power loads. An analysis of
prior work on glare from windows and its impact on
the potential savings from daylighting will also be
undertaken.

& second draft of the Daylighting Resource
Package will be completed and distributed for
review and comment. Work on a daylighting direc-
tory and bibliographic data bases will continue.




Program Planning and Support

A draft of the program plan for Windows and
Daylighting will be circulated for public review
and comment. Development of bibliographic and pro-
duct data bases will be continued. Another issue
of Windows for Energy-Efficient Buildings, this one

centered on daylighting, will be published. We
will continue collaborative studies of window per-
formance with other international research groups.
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See publications list at the end of this chapter.

ENERGY-EFFICIENT LIGHTING PROGRAM*

S. Berman, R. Clear, J. Klems, F. Rubinstein, S. Selkowitz, and R. Yerderber

INTRODUCTION

The Lawrence Berkeley Laboratory has
managed the National Lighting Program for the
Department of Energy for the past four years.
The goal of this program is to bring about a 50%
reduction in our nation's energy consumption for
lighting by the mid-1990s. We plan to achieve
this goal by accelerating the introduction of
cost-effective energy-efficient lighting pro=
ducts, designs, and procedures that will enhance
the comfortable performance of visual tasks as
well as productivity.

Compared to other energy-efficient retrofit
potentials, improved lighting will have a more
rapid market penetration because the replacement
rate of lighting sources and systems is high. We
estimate that if energy-efficient lighting products
begin to enter the market during the next couple of
years, the nation's annual energy consumption for
lighting can be reduced by more than 200 billion
kilowatt=hours by 1995. This energy savings is
equivalent to 381 million barrels of oil annually,
or more than 1 million barrels of oil equivalent
per day--an amount greater than could be produced
by the proposed synfuel program.

The energy-efficient lighting program focuses
on two major tasks. The first 1s the development,
testing, and demonstration of energy-efficient
light sources and equipment ineluding (1) solid-
state fluorescent ballasts; (2) switching and
lighting controls; and (3) energy-efficient light
bulbs. The second area concerns the sclence of
illumination and illuminating systems, including
(1) the physicg of light sources and equipment; (2)
visibility, illumination, and performance; and (3)
health and environmental effects of illumination.

Bach of the above projects, with accomplish-
ments realized in 1980 and the activities planned
for 1981, is described below.

% This work was supported by the Assistant Secre-
tary for Conservation and Solar Energy, Office of
Buildings and Community Systems, Consumer Products
Division of the U.S5. Department of Energy under
Contract No. W-7TLO5-ENG-48.
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ACCOMPLISHMENTS DURING FY 1980

Solid-State Fluorescent Ballasts

This project has been concerned with operating
fluorescent (low-pressure gas-discharge) lamps at
high frequency to improve their efficiency. In the
first stage of the program, we evaluated electronic
ballast designs in a controlled laboratory environ-
ment. Our results showed that electronically bal-
lasted lighting systems were 20% to 25% more effi-
cient than standard systems and improved regula-
tion, eliminated flicker, and could dim gas-
discharge lampsa1 In the next stage, we examined
the performance of these electronically ballasted
systems in a real environment (the Pacific Gas and
Electric Company headquarters in San Franciseco)
where more than 700 ballasts had been installed on
two floors. Although the results of this demons-~
tration identified several reparable design flaws,
they clearly indicated that electronic ballasts are
a viable energy-efficlent alternative to core-coil
ballasts, as evidenced by the fact that, after
three years, the electronic ballasts are still in
operation in the PG&E building. The positive
results that have emerged from these studies?, 3,4
have served as a basis for the advanced circuit
designs that represent the final stage of commer-
cilalization.

In 1980 the electronic ballast systems were
assessed for total performance; that is, we con~
sidered all of the improved attributes of the elec-
tronically ballasted system -- the tighter system
control brought about by improved voltage regula-
tion, the regulation of light output, and the abil-
1ty to dim lamps, in addition to the 25% "intrin-
sic" improvement in system efficiency. Among our
findings, now beilng compiled for publication as an
LBL report,” we demonstrated that total energy sav-
ings can be as high as 40-70%.

Another significant accomplishment during 1980
was the demonstration of electronic ballasts in the
Veteran's Administration Hospital in Long Beach,
California. This demonstration was designed to
determine whether the radio frequency interference
(RFI) radiated and/or conducted by electronic bal-
lasts adversely affected any of the sensitive exa-
mining or monitoring equipment in a hospital. We
replaced standard ballasts with electronic ballasts
near a CAT scanner, diagnostic equipment, and in a



coronary ward. We monitored the equipment both
before and after the replacement. The data are now
in the final stages of analysis,5 but a preliminary
review shows that the electronically ballasted sys-
tem is as safe regarding RFI as is a standard
core-coil ballasted system.

High-Pressure Sodium (HPS) Ballasts

A project to develop electronic ballasts for
high-pressure sodium lamps was begun in 1980.
Three subcontracts were initiated for the develop-
ment of circuits to operate 150-watt, 200-watt, and
400-watt HPS lamps at high frequency. In the ini-
tial phase, we assessed the performance of the sub-
contractors’ electronic ballast systems in a con-
trolled laboratory environment and compared their
performance with that of the game HPS lamp operated
with a high-quality core-coil ballast. The )
results, presented in Table 1, show that both 120-
and 277=voltage input electronic ballasts can be
designed, and that electronic ballasts can improve
the efficiency of both the ballast and the lamp by
2s much as 15%. In addition, efficient electronic
ballasts can be designed to have high power fac-
tors. For HPS lamps used in an area that has
rotating machinery, the percent flicker was
improved to the extent that stroboscopic effects
from lamps operated at high frequency were elim-
inated,

Besides the improvement in intrinsic effi-
clency, approximately 15%, the electronically bal-
lasted HPS lamps also save energy because of the
constant wattage that the electronic ballast sup-
plies to the lamp throughout its life. The total
energy savings amounts to approximately 26%. Stan-
dard ballasts supply excess power to the lamps due

to the reduction of the arc impedance that occurs
as the sodium migrates. The average excess, both
of light and of energy consumed, is approximately
20% to 30%. Furthermore, as an HPS lamp ages, the
voltage applied must be increased to keep the lamp
from being extinguished. For testing purposes, we
simulated this characteristic by heating the lamp
and plotting lamp power versus lamp voltage for
both core-coil and electronically ballasted lamps
(see Figure 1). This evidence again supports our
assertion that the real energy savings from elec-
tronic ballasts can be greater than that gained by
the intrinsic efficiency of the system, and that
the 26% savings should be considered in determining
payback or life-cycle costs on the design change.

Switching and Lighting Controls

Strategies and Techniques

The primary goal of the lighting-control pro-
ject is to evaluate the energy savings realizable
by employing different lighting-control strategles.
Given this information and the cost of an automatic
control system, one can calculate the expected pay-
back, or return, on investing in such strategies.

To evaluate all the desired strategies (day-
lighting, tuning, scheduling, and load shedding)
and techniques (local and group controls; step and
continuous dimming), two demonstration sites were
required. We selected General Electric and
Honeywell as subcontractors, and requested that
they install their prototype systems on one floor
of the World Trade Center office building in New
York (G.E.) and in the Pacific Gas and Electric
building in San PFrancisco (Honeywell). Both of
these installations became functional in 1980, and

Table 1., Performance testing of high-pressure sodium (HPS) solid-state ballasts.
150=Watt hps 200~Watt hps 400~Watt hps

Core-~GCoil Electronic Core~Coil Electronic Core~Coil Electronic
Input
voltage (volts) 120 120 277 277 240 277
power (watts) 189 187 282 230 447 438
power factor 0.48 0.93 1.00 0.95 0.97 0.78
Output
voltage (volts) 54,4 52.5 116 93 96 96
power (watts) 149 154 215 198 376 324
light (lux) 3500 3840 9440 9160 18,330 19,070
Efficiency
ballast 0.788 0.824 (+4%)% 0.76 0.86 (+12%) 0.84 0.74 (~14%)
lamp (lux/w) 23.5 24,9 (+6%) 43.9 46,3 (+5%) 48.8 58.8 (+17%)
system {lux/w) 18.5 20.5  (+10%) 33.5 39.8 (+16%) 41.0 43.5 (+6%)

a _. . . e . s s
Figures in parentheses indicate the percentage change in efficiency

system.
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Fig. 1. Comparison of power voltage curves for core-coll and electronically bal-
lasted high-pressure sodium lamps (150-watt, 200-watt, and 400-watt). Eleetroni-
cally ballasted lamps maintained constant wattage outputs that were consistently

closer to design levels. (¥BL 8011-26254)
were tested in place prior to initiating perfor- decreased from 201 kWh to 147 kWh, or 27%. At a
mance experiments. Near the end of the year, data cost of $0.05 per kWh (the cost of electric energy
were obtained which confirmed our estimates of the in the San Francisco area), the savings could be
energy savings that can be realized through more than $702 per year.

automatic controls.

The General Electric system used a micropro-
cessor to control the switching of each fixtures

that is, to turn it on or off separately. Figure 2 140+

shows the power usage for one day's operation using BASELINE
this tuning and scheduling strategy. The tuning B
(de-lamping) turns off fixtures in aisles and in 120 |-
work areas where a full light level is not S -
required. The scheduling strategy lowers light 2;;00 -
levels to 1/6 in the evening for the cleaning 1§ L TUNING
crews, who do not require the high light levels £ 80 -
used in the daytime. =
O
The initial daily energy use was 2256 kWh. “ 80 -
Tuning reduced the dally use to 1561 kWh. The g -
scheduling strategy reduced the daily usage to 1020 £ 40 -
kWh. At an energy cost of $0.10 per kWh (the cost N
of electric energy in New York City), the savings
is $123.60 per day, or more than $32,136 per year 20 -
for a single floor. ol v iy 1
The Honeywell system used a computer to con- 6 8 10 12 14 16 18 20 22 24 2 4
trol the light level of a large group of lamps,
each of which can be dimmed continously over a TIME OF DAY (hr)
large range of light levels. Figure 3 plots the
power usage for a single day at the PG&E building Fig. 2. Results of two approaches to reducing
in San Francisco. A photocell senses the light electrical energy consumption on one floor of
level of the outer zones of the building and, when the World Trade Center, New York. The tuning
gpecified light levels are exceeded because of the technique, which adjusts the light level of fix-
contribution of daylight, the light supplied is tures to the needs of the task in each area,
electrically reduced to maintain the prescribed decreased the baseline or normal energy use by
level of illumination. 40 kilowatts per hour. Usage was further reduced
at night by the scheduling technique, which
For the day these data were obtained, the lowered light levels to 1/6 daytime use.
energy use in the offices in the outer zone (¥BL 8011-2351)

4=42
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Fig. 3. The daylighting strategy used to reduce
electrical consumption in the PGEE building, San
Francisco reduced the energy consumption for
perimeter offices by 27% but had no effect on
the lighting energy required for interior
offices {shaded area). (¥BL 8011-2350)

Fnergy Efficient Light Bulbs (EELB)

The objective of our EELB project is to
develop energy-efficient light sources that can be
used in incandescent sockets (Edison sockets), and
that will approach efficacies of 40 to 5C lumens
per watt {as compared with the 17 lumens per watt
characteristic of a 100-watt incandesecent
bulb)sgsg The national energy consumption for
incandescent light is about 180 billion kWh
annually. The potential savings associated with
replacing 50% of the incandescent lamps
(17 lumens/watt) with energy-efficient lamps
(45 Lumens/watt) is approximately 60 billion kWh,
which is equivalent to more than 100 million bar-
rels of oil--the amount needed annually to generate
this electrical energy.

Near the end of FY 1980 we signed contracts to
have four companies develop thelr EELBs. Among the
objectives we specified for each contractor was the
identification of any major technical barriers to
production.

Physics, Visibility, and Health

Physics and Engineering Lighting Laboratory

In 1976, a small laboratory facility, designed
primarily to measure the relative performances of
electronic ballasts and the relative light outputs
of light sources, was set up in conjunction with
the Windows Laboratory at the College of Environ-
mental Design in Wurster Hall on the University of
California campus at Berkeley. Since then, our
program has expanded to include involvement in
standards committees, e.g., American National Stan-
dards Institute (ANSI), which requested LBL staff
to propose specifications and testing procedures
for high-frequency lighting systems, as well as %o
perform life testing for new energy-efficient
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lighting products. In addition to the above
activities, we required greater in-house technical
competence when we began the EELB program. The
laboratory is now responsible for in-depth

analysis of the generation of visible light from
low-and high-pressure gas discharge, including
plasma effects at high frequencies and radio fre-
quency interference (RFI). Because of these added
responsibilities, a larger Physics and Engineering
Lighting Laboratory was designed in FY 1980 and is
now located in Building 46 on the LBL site. The
new laboratory includes an area for testing light-
ing systems (maintained at 25 == 1°C in order to
obtain absolute measures of light output under con-
trolled conditions), as well as a general labora-
tory area and a lamp-life testing area. The neces-
sary equipment-<high-frequency wattmeters, a
seven~-foot integrating sphere, a spectral-
radiometer, and standard certified NBS light
sources--has been purchased to provide absclute
measurements of light output from light sources as
well as to measure the spectral distribution of the
visible radiation.

The first project for the new laboratory,
undertaken in 1980, was a fundamental study of
Hg isotope mixture in a discharge in order to
determine the effect of optimizing the isotope
ture for the generation of the 253.7 nanometer
line. Lamps generally use the isotope mixture of
naturally occurring Hy. We expect that the effi-
cacy of the low-pressure gas discharge can be
increased 5% to 10% by enriching the natural mix-
ture with Hg 196. This improvement will substan-
tially increase the total light output of compact
fluorescent lamps.

the

mix=

Visibility and Productivity Laboratory

The connection between visibility in
commercial/industrial bulldings, as determined by
lighting codes and/or design practices, and the
productivity of the work force has become an impor-
tant issue because of the rapidly escalating price
and scarcity of electricity and the coincident loss
of much of the nation's competitive position in
person-hours per dollar of value added. Target
light levels used under existing standards allow
for a broad comfort/safety margin--a reasonable
practice when energy prices and availabillty were
not in question. Disagreement about how much visi-
bility is needed to assure efficient operation and
comfort has, in fact, resulted in several different
standards, and resolving these differences to
arrive at a "best" standard is hampered by lack of
information about the relationship between visibile-
ity and worker productivity. A review of field
studies in this area shows contradictory results.

Because statistically validated data on the
relationship between productivity and visibility
are critical to determining cost-effective lighting
levels, LBL and the University of California School
of Optometry developed a joint program in 1980 to
examine, in a laboratory setting, the effects of
physical lighting parameters such as intensity,
spectrum, distribution, and polarization on perfor-
mance and productivity, using subjects whose visual
capabilities are known {(e.g., age, corrected or
ungorrected 20-20 vision, etc.). To date, the
group has published a critical review of the basis



for the Equivalent Sphere Illumination concept of
gquantifying the quality of illumination.10 1In
addition, a paper has been presented at the
national Illuminating Engineering Society Confer-
ence at Dallas, Texas on the cost-effectiveness of
visibility design procedures.!]

PLANNED ACTIVITIES FOR FY 1981

Solid=-State Fluorescent Ballasts

In the next phase of this project, we will
examine some advanced electronic ballast designs
from which we anticipate further improvements in
efficiency. We will also evaluate the reliability
of these ballasts when voltage surges occur, as
they do commonly in real situations.

Switching and Lighting Controls

Further studiles are needed to optimize light-
ing layout designs. One aim is to provide day=-
lighting designers with a way to determine the best
position for the sensing photocells. We will
obtain this information for areas facing north,
south, east, and west, in different parts of the
country, and for different types of building
spaces. By the end of the next fiscal year, we
expect to have developed design techniques that
more effectively use natural illumination.

Energy-Efficient Light Bulbs (EELB)

Four viable energy-efficient light bulbs-==the
compact fluorescent lamp, the coated filament lamp,
the magnetic-arc spreading fluorescent lamp, and
the electrodeless fluorescent lamp--will be studied
in FY1981. While all these designs are more effi-~
cient than an incandescent lamp, each has limita-
tions that hinder commercialization. In the first
phase of this program, each participating manufac-
turer will deliver ten laboratory prototypes to LBL
for our evaluation of any design or performance
shortcomings.

Although the compact fluorescent lamp requires
no major changes, 1its application is currently
limited to lower output lamps (less than 1500
lumens). We will study highly efficient phosphors
and electronic ballasts, and gas £ill with opti=
mized Hg isotope mixtures to achieve light outputs
of up to 2200 lumens (equivalent to a 150-watt 3~
way lamp).

The coated filament lamp has not been assessed
for life, efficacy, or quality control. In addi-
tion to determining the ultimate obtainable effi-
cacy of this lamp, we will seek to determine how
uniform a coating ils required for reliable perfor-
mance and whether that degree of uniformity can be
manufactured commercially.

The electrodeless fluorescent lamp operates at
13 MHz and emits RFI, which can disturb radio and
television receivers or computers and other sensi-
tive electronic devices. OQOur task here is to
develop a low=cost electronic ballast system for
this lamp and to determine ways of minimizing RFI.

Health Effects Related to Environmental
Artificial Lighting

Artificial lighting is now ubiquitous in the
living/working environment. Although assertions of
potentially harmful effects of artificial lighting
on both health and performance have been circulated
(especially in the lay community--e.g., Health and
Light by John Ott and The Zapping of America by
Paul Brodeur), no hard data exist in this area. We
are initiating a new project to address the ques-
tions of reduced performance and health effects
from artificial lights. We will begin by addresse-
ing three questions:

1. Are there populations whose eves are sen-
sitive to artificial lighting, especially
in association with other environmental
factors?

2. Do certain artificial lighting sources
induce fatigue and increase the "work
error" rate?

3. Do certain artificial lighting sources act
as physiological %stressors" for certain
individuals?

Until now, there has been a lack of coherence
in the various protocols used by gqualified investi~
gators spanning the disciplines of engineering,
biochemistry, psychometry, behavioral sciences, and
neurophysiology, all of which are involved in any
reasonably complete investigation of the human
effects of artificial light. To address the poten-~
tial long-term health effects from artificial
lighting, as well as to identify potential environ-
mental hazards of new products before they are
introduced into the market, LBL is collaborating
with the faculty of the University of Californiafs
School of Medicine in San Francisco where test
facilities are currently being developed. We hope,
in this collaborative effort, to verify, statisti-
cally, any aspects of artificial lighting that
present hazards to fundamental biochemical and
1europhysiological mechanisms.
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DOE-2.1 BUILDING ENERGY ANALYSIS GROUP*

R. Curtis, F. Buhl, S. Gates, J. Hirsch,
M. Lokmanhekim, K. Olson, A. Rosenfeld, J. Rudy, and F. Winkeimann

INTRODUCTION

The purpose of this project has been to
create, test, document and maintain a user-
oriented, public domain, computer program that will
enable architects and engineers to perform design
studies of whole-building energy use under actual
weather conditions. The development of this pro-
gram, which in its successive public generations
has been known as Cal=ERDA, DOE=1.4, DOE-2.0A, and,
finally, DOE-2.1, has been guided by several objec=
tivess (1) that the description of the building by
the user be in quasi=English so that the input can
be read and understood easily by non-computer
scientistsy (2) that, when avallable, the calcula-
tions be based upon well-established algorithms,
i.e., the calculational procedures used should be
acceptable to the engineering community; (3) that
it permit simulation of commonly available heating,
ventilation, and air-conditioning (HVAC) equipment;
(4) that the computer costs of the program be
minimalsy and (5) that the predicted energy use of a
building be acceptably close to measured values.

These objectives require compromises to be
made. Higher accuracy, for example, can be pur-
chased only at the cost of more detalled and time-
consuming algorithms and more complex demands upon
the user for data about the building being modeled.
Considerable experience and user feedback has cul-
minated in a program which has received much accep-
tance, and DOE-2.1 has been named by the Department

% This work was funded by the Office of Buildings
and Community Systems, Architectural and Engineer-
ing Systems Branch, Buildings Division, U.S.
Department of Energy under Contract No. W-T7405-
ENG-48.
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of Energy as the standard evaluation technique
(SET) of the Congressionally mandated Building
Energy Performance Standards (BEPS).

Details of the development and structure of
the DOE=2.1 program are available in past Annual
Reports192 and other published materials,3~

ACCOMPLISHMENTS DURING FY 1980

The major accomplishment of FY 80 was the com-
pletion of the DOE-2.1 edition of the program,
including its accompanying documentation.9-12 LB
was assisted in this work by the WX-4 Group at Los
Alamos Scientific Laboratory (LASL), which was
responsible for developing and testing the active
solar simulator (known as CBS, for the Component
Based Simulator) and for producing the DOE-2.1
Reference Manual. In addition, the DOE-2.1 User
Coordination Office at LBL, charged with coordinat-
ing user services at commercial computer service
bureaus, universities, and national laboratories,
has published the first of a periodic journal,
entitlied "DOE-2 USER NEWS"™, which serves to keep
the user community informed about the latest
developments and uses of the program. We have also
carried out the first of several training sessions
designed to train trainers of DOE-2.1 users.

Among the additions and improvements that dis-
tinguish DOE-2.1 from its predecessor (DOE-2,04)
are its ability to create and to store custom
welghting factors, its restructured simulation of
the HVAC systems, and its integration of the active
solar simulator.

Custom Weighting Factors and Thermal Balance Loads

DOE-2.1 has been substantially improved over
DOE-2.0A by adding two new techniques to calculate



heating and cooling loads. The development of both
techniques was stimulated by the inadequacy of the
technique used in DOE-2.0A to predict energy use in
buildings with high thermal mass where solar heat
gain is an important component of the loads. In
the "Custom Weighting Factor' method, which is now
documented and available in DOE-2.1, a fast-
executing transfer function approach is used. The
second new method, called "Modified Thermal Bal-
ance" and now being tested, is a more accurate, butb
also a more time-consuming, technique, The user
will ultimately be able to choose the technique
best suited to the application at hand.

Custom Weighting Factors

In this approach the heat gain from lights,
solar radiation, people, equipment, and conduction
through the envelope are calculated for each hour.
Part of each of these gains will appear immediately
as a load on the HVAC system; the rest will be
stored as heat in the walls, the floor, the furni-
ture, and other mass in the building and will be
released over time to the room air. The time
delays involved in this process are accounted for
by the weighting factors. Mathematically, the
cooling load in hour t in Btu/hr due to the ith
source (Qi) is given by:

i i 1 i 1 i
Q = Voap + Vqap g * Vo o+ WyQp g+ W0 s

where
Qimj = the heat gain in hour t-j (Btu/hr)
Qimj = the cooling load in hour t-j (Btu/hr)
ng wj = the weighting factors
i = the index for the source of heat gain

(lights, solar, etc.)

The net load for a particular hour is the sum
of the Ql over all of the sources. A similar
transfer function relationship relates the cooling
loads to the actual space temperatures and the heat
extraction rates for that hour and previous hours.

In earlier versions of the program "ASHRAR
Weighting Factors' were used. These were calcu-
lated about 15 years ago by the National Research
Council of Canada for bulldings of very simple
geometry and were adapted by the American Society
of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE).13 Studies by Los Alamos Scien-
tific Laboratory (LASL) showed that the ASHRAE
weighting factors lead to inaccurate results for
buildings where direct gain is important. Figure 1
shows temperature measurements for the LASL
direct-gain test cell as well as the predictions
yielded by using the ASHRAE weighting factors.
There is a T7°F space temperature difference at the
peaks between the predicted and the measured data.
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Pig. 1. LASL test cell measurement comparison with DOE=2.1 predictions.

(XBL 812-270)
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A technique for calculating weighting factors
gpecifically for the space configuration under con-
sideration was developed1 and incorporated into
DOE-2.1. In this technique a detailed thermal bal-
ance calculation is made initially to find the
cooling load profile produced by a unit impulse of
heat gain from each of the sources listed above.
Equation (1) is applied to these profiles, and the
weighting factors are extracted by solving the
resulting equations simultaneously. When these
"Custom Weighting Factors" are applied to the LASL
test cell (Figure 1), the agreement with measured
data 1s vastly improved.

Modified Thermal Balance (MTB)

The Modified Thermal Balance technique does
not treat the various heal galns separately.
Instead, the heat balance equations at the inside
surfaces of the space are solved simultaneously
each hour. For calculating cooling loads, the room
alr temperature is held fixed, and, similarly to
the weighting factor approach, the actual variation
oft the space temperatures is treated through
transfer functions., It is felt that the MIB tech-
nigue may be more accurate in certain situations
than the weighting factor approach. For example,
it would allow moveable insulation to be placed
over windows at night. The weighting factor tech-
nique does not permit the room transfer functions
to be functions of time, as 18 necessary when the
conductance of the windows varies with time. The
MIB approach also compubes the inside surface tenm-
perature as a function of time. If these tempera-
tures vary wldely, the convective, and even the
radiative, heat transfer coefficients can vary
enough to cause significant changes in the building
conditions. Human comfort strongly depends upon
the inside surface temperatures, and, yet, the
weighting factor approach provides no information
in this regard. Further studies will be made of
the differences among the weighting factor, the
MTB, and the full thermal balance techniques to
determine what situations require the more complex,
and therefore more time-consuming, techniques, if
sufficient accuracy is to be maintained.

Restructured HVAC Systenms

The SYSTEMS and PLANT sub=-programs of DOE=2.04
were designed to estimate the energy consumption of
the HVAC equipment of large buildings. Many model-
ing assumptions were based on the philosophy that
the most important considerations should be those
that have a significant impact upon the energy con-
sumption values integrated over time. The progran
made no attempt to simulate the performance of the
equipment components on an hour=by=hour basis but,
rather, to predict overall energy use. This philo-
sophy was supported by the fact that, in the past,
the larger HVAC equipment was systematically over-
gized and tightly controlled. For modeling such
systems, it was not necessary to take into account
performance parameters that depend on inside or
outside environmental variables.

As DOE=2.08 gained popularity, the user con-
munity wanted to extend the use of the program to
small commercial and residential buildings. At the
same time the engineering community, in an effort
to conserve energy, was moving away [rom

recommending oversized systems and constant, year-
round control points. These shifts prompted us to
make substantial changes in the algorithms of both
SYSTEMS and PLANT. The new algorithms tend to be
more concerned with modeling hourly performance of
actual equipment than rather merely estimating the
integrated daily or amnual energy consumption.
This new philosophy permitted the introduction of
several new equipment simulations into DOE-2,1.

In the SYSTEMS program the most significant
changes address the details of the air moisture
levels and the cooling coll simulation. The DOE-
2.0A program assumed that the sensible capacity of
the equipment was constant throughout the entire
simulation period. It also assumed that the air
molsture level exiting from the cooling coil was s
constant fraction of the saturation level at the
exit temperature. The newest version of DOE-2.1
more realistically calculates the capacity of each
piece of equipment on an hourly basis. This
approach allows a strong coupling between the
envelope and the equipment by solving simultane-
ously the equations describing the action of the
equipment and the equations describing the space
temperature swings within the hourly time step. In
addition, we developed a moisture exchange model
for cooling coils that simulates the condensation
that takes place on the coil surface by calculating
the time-dependent surface temperature and the
degree of alr "contact® with the surface, based
upon free-stream conditions of flow rate, and
drybulb and wetbulb temperatures. Such a calcula-
tion yields an hourly steady-state simulation of
the moisture condensation on the coil surfaces in
assocliation with the latent space gains due to peo-
ple, equipment, infiltration and ventilation.

With these new capabilities for performance
simulation, it became possible to extend the number
of types of equipment simulations to include those
appropriate for residential and small commercial
buildings. These additional system types include
direct expansion, air-ccooled cooling systems, as
well as water- and air-gource heat pumps. Specifi-
cally, the new equipment for SYSTEMS includes:
packaged rooftop units for single-zone, multizone,
and variable air volume applications; packaged ter-
minal air conditioners for window-mounted or
through-the~-wall applicationss central forced air
furnace and split-system direct-expansion cooling
for residential applications. The residential
simulation also permits the evaluation of the effi-
cacy of using operable windows in place of mechani-
cal cooling. The original simulations for chilled
and hot water equipment were also upgraded to allow
more accurate tracking of hourly performance. (See
Table 1.)

Simulation algorithms for the PLANT program
were also redesigned to track more accurately the
performance of the equipment and to be consistent
with the algorithms in SYSTEMS. The treatment of
the chilled and hot water supply loops has been
modified in DOE-2.1 to take into account the varia-
tion of lcoop temperature. Similarly, the tempera-
ture of the condenser water is now allowed to vary.
The cooling tower simulation was upgraded as exper-
imental performance data became available. New
performance parameters for the chillers were intro-
duced to permit more exact simulation, and an



Table 1.

Equipment simulations in DOE=2.1

Systems

Plant

Single Zone

Packaged Single Zone®
Multizone

Packaged Multizone®
Dual Duct Fan

Ceiling Induction

Unit Heater

Unit Ventilator

Floor Panel Heating
Two=-Pipe Fan Coil
Four-Pipe Fan Coil
Two-Pipe Induction
Four-Pipe Induction
Variable Air Volume
Packaged Variable Air Volume®
Reheat Fan

Unitary Heat Pump
Heating and Ventilating
Ceiling Bypass
Residential®

Packaged Terminal Air-Conditioner®

Steam Boiler (fossil fuel)

Steam Boiler (electrice)

Hot Water Boiler (fossil fuel)®
Hot Water Boiler (electric)®
Furnace (fossil fuel)

Furnace (electric)

Domestic Hot Water Heater (fossil fuel)¥
Domestic Hot Water Heater (electric)®
Open Centrifugal Chiller

Open Reciprocal Chiller

Hermetic Centrifugal Chiller
Hermetic Reciprocal Chiller®
Single-~Stage Absorption Chiller
Two-Stage Absorption Chiller
Solar-Assisted Absorption Chiller®
Double-Bundle Chiller

Cooling Tower

Ceramic Cooling Tower

Steam Turbine Generator

Gas Tubine Generator

Diesel Generator

Hot Water Storage Tank

Cold Water Storage Tank

# New equipment in DOE-2,1

improved optimization algorithm was developed to
allow efficient operation of a multiple chiller
plant.

Like the new additions in SYSTEMS, new PLANT
equipnent was introduced in DOE=2.1 for smaller
installations. These include: electric and fossil
fuel hot water boilers, electric and fossil fuel
domestic hot water heaters, open and hermetic
reciprocal chillers, and electric and fossil fuel
furnaces.

Component Based Systems (CBS)

A major addition to the program is an active
solar system simulator, called "CBS" for Component
Based Systems. This code was adapted and expanded
by the WX-U group at LASL from the TRANSYS program
developed at the University of Wisconsin, and was
integrated into the PLANT portion of DOE=2.1 with
the assistance of our group at LBL. This program
offers the user four pre-assembled solar systems
(both liquid and air systems for commercial and
residential buildings) that are modified for
specific applications through the use of keywords,
like the rest of DOE-2.1. In addition, the user
can assemble his or her own system by connecting
together individual components: collectors, pipes
or ducts, heat exchangers, hot water storage tanks
or rock beds, pumps or fans, and their associated
controls. Through either approach the user can
simulate the collection of solar energy to satisfy
space heating and/or cooling loads or process
loads.

In an exanmple used to introduce this program
to the user3 a solar system was simulated to pro-
vide a solar assist to the domestic hot water
heater in a small commercial building in

40,8

Sacramento, California. The domestic hot water
heater had a heating capacity of 12,800 Btu/hr and
a demand schedule for weekdays as given in Figure
2, The demand schedule during weekends and holi-
days was assumed %o be the same as the demand at
night during the week. The natural gas consumed
annually by the heater dropped from 131.9 therms
without solar assist to 76.0 therms with solar
assist, an annual savings of 42%. On the other
nand the fuel consumption of 131.9 therms produced
72 therms of hot water for an efficiency of 55%,
while the fuel consumption of 76.0 therms produced
only 31 therms of hot water for a conversion effi-
clency of only 41%. These values illustrate an
important problem that is involved with making
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solar retrofits to non-solar systems., Unless the
back-up equipment to the solar system is altered to
perform at higher efficiency at lower loads, an
overall reduction in energy conversion efficiency
can occur.

PLANNED ACTIVITIES FOR FY 1981

Future plans for the program lead in two
separate directions. On the one hand, the existing
program will be maintained and supported and its
documentation will be clarified and supplemented as
areas of confusion are uncovered. Several addi-
tions will be made to the existing program to sup-
plement its capabilities. These includes (1)
expanded output report capability; (2) a daylight-
ing simulation in collaboration with the Windows
and Lighting Group at LBL; (3) an expanded user=
library capabilitys (4) the thermal balance LOAD
program alternative; (5) improved economic calcula-
tionss (5) expanded energy cost alternatives; (6)
simulation of evaporative coolers; (7) improved
infiltration algorithms (8) simulation of thermal
storage devices; and (9) metric input and output
options. The program will also be converted so
that it will run on IBM, Honeywell, UNIVAC, and
Digital Eguipment Corporation computers.

The other direction for FY 81 activity is
exploratory; i.e., we will probe the development of
a building energy use analysis program that can be
easlly adapted to new developments in the building
and conservation sciences.
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BUILDING ENERGY DATA COMPILATION, ANALYSIS, AND DEMONSTRATION"

A. Rosenfeld, H. Arin, P. Cleary, J. Costello, B. Dickenson, D. Goldstein,
J. Harris, A. Meier, S. Meyers, B. O'Regan, L. Schipper, B. Shohl, and J. Wright

INTRODUCTION

The Building Energy Data Compilation, Analysis
and Demonstration group is responsible for compil-
ing, analyzing, and demonstrating the research of
the Energy-Efficient Buildings program and
integrating it with building science research
nationally and internationally. We organize our
research by technology (windows, thermal storage,
and infiltration) or professional specialty (indoor
air quality, building performance modelling, etc.);
but we and our clients tend to organize our ques-
tions by building type (homes, schools, etc.) or
operation requirements (design and retrofit) which,
of course cut across all of our research fields.
Accordingly, the BEDAD group in addition to
responding to questions from utilities, planners,
governmental groups, and even our own research
directors, reformulates and publishes some of our
findings in an aggregated form, which is more use-
ful to building industry and policy professionals.

ACCOMPLISHMENTS DURING FY 1980

During the past year, BEDAD continued to
develop and refine a technology data base on the
cost and performance of conservation measures in
new and retrofitted houses and residential appli-
ances, and began to compile data on commercial
buildings and equipment. Using these data, along
with the results of DOE=2 runs and other analyses
made in support of BEPS (Building Energy Perfor-
mance Standards), we completed a major study of
technical and economic potentials for conservation
and solar use in California residences. A similar
study of conservation and solar potentials in all
U.S. buildings (residential and commercial) between
now and the vear 2000 was also conducted and pre-
liminary results have been reviewed. Both studies
have generated a great deal of interest among util-
ities, government agencies, and the building indus-
try, and were used extensively as background
material for a Summer Study on Energy Efficient
Buildings, sponsored last August in Santa Cruz by
the American Council for an Energy Efficient Econ-
omy, the Solar Energy Research Institute, (SERI)
and DOE. Finally, in 1980 we initiated with the
Pacific Gas and Electric Company a joint project to
(1) demonstrate "house doctor" audit/retrofit teche-
nigues, (2) train an initial core group of utility
and private industry house doctors, and (3) measure
resultant energy savings and cost-effectiveness in
a sample of 26 northern California homes. Results
to date from each of these projects are summarized
below.

“This work is supported mainly by the Assistant
Secretary for conservation and Solar Energy, Office
of Buildings and Community Systems, Buildings Divi-
sion, U. 8. Department of Energy under Contract No.
W-7405~ENG~48, and by the Solar Energy Research
Institute. We also thank the California Policy
Seminar for partial support.
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Reports

Building Energy Use Compilation and Analysis
(BECA). BECA is a series of publications providing
an international comparison and critical review of
building standards and the energy use of typical
buildings as well as cost-effective, low-energy
buildings. Its findings are published as a review
consisting of three parts which are to be updated
and republished regularly. Part A, Single-Family
Residences, was submitted to Energy and Buildings,
in January 1981; Part B, Retrofitting of Resi-
dences, is in progress, as is Part C, Commercial
Buildings.

BECA=-A: Single-Family Residences

In BECA-A, the potential for energy conserva-
tion in space heating of new residential buildings
is characterized using results from compubter
analysis and from a survey of low-energy houses.
Simulations of the energy requirements of a proto-
typical house in the United States at different
levels of conservation have shown that minimum
life~cycle cost can be achieved with much higher
levels of conservation than those presently
employed. Measurements taken in actual houses
indicate that very low energy requirements for
space heating--comparable to those now used for
domestic water heating--can be achieved in new
houses by adding insulation, reducing infiltration,
and using solar-design principles. We conclude
that building standards should be made more
stringent to hasten the adoption of cost-effective
conservation measures.

Figure 1, taken from BECA-A, plots ten cost-
effective low-energy homes comparing them with pro-
posed standards and with current building practice.
BECA-B: Residential Retrofit

Parallel to our work on energy use in new
homes, we have begun to compile and evaluate data
on the characteristics, energy performance, and
assoclated costs of retrofits to existing struce
tures. The data collected thus far are summarized
in Figure 2, which shows the percentage of energy
saved as a function of contractor cost. The
entries shown on Figure 2 range from individual
values for single homes to averages for a large
number of retrofitted homes (nearly one million, in
the case of the Canadian "CHIP" homes). All but
two of the data points are derived from actual
metering of homes, and soon all points will be
based on meter readings or utility billing records.

The exponential decay curve drawn on Figure 2
is our estimate of the "frontier" curve for space
heating requirements after retrofit vs. the cost
of the retrofit. The curve starts down with an
initial slope of 8% fuel savings per $100 invested
(cost of conserved fuel oll at 10¢/gal) and passes
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Fig. 1. Annual fuel input for space heating of single-family U.S. homes. Black
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infiltration at

current practice levels of 0.6 air changes/hour {(ach); strict BEPS

reduces infiltration to 0.2 ach but restores 0.4 ach with mechanical ventilation

through a heat exchanger.
practice; BEPS, $1,0003 tight BEPS, $1,5003
to several thousand dollars.3

close to 50% savings for $2500 (40¢/gal). Even
40¢/gal is considerably cheaper than the price of
$1.20/gal, the cost of fuel in New England during
the winter of 1980-81, or the tailblock rate for
natural gas in northern California of 60¢/therm or
the equivalent of 80¢/gal.

In the course of 1981, we plan to continue
adding to and refining the data on residential
retrofits, especially as new information sources
become available from demonstration projects (like
our "House Doctor® demonstration, described below)
and the nationwide Residential Conservation Service
programs. These data will be published as Part B

of the "BECA" series, and then regularly updated in
future years,

BECA~C: Commercial Buildings
We plan to issue our first edition of BECA-C

in April 1981. Figures 3 and Y display some of the
data complled and estimated for commercial bulld-
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Approximate extra costs for conservation above 1975/76

better-than-BEPS houses, several hundred
(XBL 809-1904E)

ings to date. In Figure 3, long-range trends in
the energy effilciency potential for newly built
office structures in the U.S. are compared with
trends in the efficlency potential for new
passenger cars over the same 40-year time-frame.
What is perhaps most striking about both sides of
Figure 3 is the sudden improvement in efficiency of
both new automobiles and new commercial buildings
beginning in the mid-1970's. We anticipate that
efficiency levels for both autos and office build-
ings will continue to improve over the next decade
in response to rising energy costs, the spread of
technical innovations, competition from imported
cars, and direct incentives or government regula-
tions.

FPigure 4 presents several examples of possible
retrofits in office, commercial, and university
buildings at costs of conserved energy ranging from
$.20 to $1.22 per MBtu and indicates similar oppor-
tunities for improving the operation and mainte-
nance of non-residential buildings.
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sequence is included.

The next two sections show how the data com-
piled through "BECA," along with other sources,
have been used both at the state and national lev-
els to develop estimates of maximum cost=justified
technical potentials for improving the energy effi-
cilency of buildings.

California Residential Conservation Potential

The work described here was supported by the
California Policy seminar and has been published as
an LBL report.! In order to show the potentials
for energy conservation in California’s residential
sector, we have developed "supply curves of con=
gerved energy" in which individual conservation
measures are ranked in order of increasing cost-
per-unit of energy saved. Unit costs are measured
in constant dollars on the vertical axis, and cumu-
lative annual energy savings on the horizontal

For comparison, a proposed retrofit

For details, see LBL-11300,
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(XBL 809-1845)

axis. In this way, conserved energy is put on a
par with other new sources of energy, such as syn-
thetic fuels. A computer program, CPS 1.0, was
created to perform the energy accounting.

Figure 5 shows a supply curve of consgerved
electricity for California residences, as of 1980,
Table 1 is a key to the curve, listing the name of
sach measure and the statewlde annual energy sav-
ings expected from it. To estimate the available
reserves™ of conserved energy, one must choose a
suitable cost of conventionally supplied energy for
comparison. The measures that are cost-effective
are those for which the cost of conserved energy is
less than the price of conventional fuels or elec-
tricity. For our supply curves, energy savings are
always expressed as technically feasible, economi-
cally justifiied potentials--not necessarily as
forecasts of a future that is likely to be
achieved.
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Fig. 5. The grand electricity conservation supply curve for California's residen-

tial sector.

The total residential use in California in 1978 was 49,000 GWh.

Cone

servation measures with costs up to 6 cents/kWh will save roughly 20% of current

use.

GWh = 1 billion kWh.

The current tailblock price for residential
electricity in California is roughly 8 cents/kWh,
About 22% of California's current residential
electrical use could be saved at costs of conserved
electricity below 8 cents/kWh. A similar conserva-
tion supply curve for natural gas (not shown) indi-
cates that roughly 34% of current residential use
could be saved at costs of conserved energy below
$7/MBtu.

Conservation supply curves can also be gen-
erated for single end-uses, such as water heating
or refrigeration. In these cases, the thermo-
dynamic limits to the reserve of conserved energy
can also be displayed.

Technical Potentials for Energy-Efficient U.S.
Buildings by the Year 2000

This work was supported by the Solar Energy
Research Institute (SERI) and is detailed in an LBL
report? as well as in a book to be published by the
University of California Press.

Looking at energy use in U.S. residences and
commercial buildings from a perspective of conser-
vation and solar technical potentials leads to a
very different picture for the year 2000 than do
even the "low-growth" energy-demand forecasts that
have recently become conventional wisdom in techni-
cal and policy circles. Recent demand forecasts by
the Energy Information Agency at DOE anticipate
that today's annual energy use of about 27 quads
will probably grow to about 32 quads by the year
2000, or an average annual growth rate well under

See Table 1 for a guide to the conservation measures involved.

4=54

Note that 1000
(XBL 813-8792)

1%. (Actually, fuel use, now about 13 quads, is
expected by EIA to shrink to about 10 quads, with
increased electricity consumption making up the
difference.)

In contrast to this conventional outlook based
on demand, our analysis suggests that it is techni-
cally feasible and econcmically cost-justified
(even with current technology and at today's aver-
age energy prices) to dramatically reverse the
expected U-quad increase in energy demand in build-
ings. By the year 2000, the U.S. building stock
could use as little as 16 quads~--two-thirds of
today's consumption levels -~ despite the addition
of more than 40 million new housing units and 20
billion new square feet of commercial space (see
Table 2)., This would be the result if virtually
all existing bulldings were retrofitted over the
next two decades with cost-effective measures now
commercially available, and if the efficiency of
new buildings and newly-manufactured appliances and
equipment were designed to minimize life-cycle
costs.

The difference between a conventional demand
forecast for the year 2000 and our "least-cost
potentials® outlook 1is significant in absolute as
well as percentage terms. By the year 2000, the
difference in annual energy consumption for the
buildings sector alone is greater than today's
total imports of foreign oil (most of which go to
sectors other than buildings, particularly industry
and transportation).

A major capital investment in improved build-
ing and appliance efficiency would be required to



Table 1. Supply table for the electricity supply curve (Fig. 5). The time horizon is 10 years; the

discount rate is 5%. For comparison, note that in 1978 the California residential sector
used 49,600 GWh; thus conservation estimates out to a marginal cost of 6.44/kWh (Col. 1),
which save 10,000 GWh (Col. 4), save about 20% of residential electricity, or the output of
two standard generating plants.

Cost of Conserved Energy Total

Energyb Supplied Dollars

Conservation Measure® (cents/kWh) (GWh/y)¢ Invested

Marginal Average Per Measure Total (millions)
1 Solid-state color TV 0 0 599.1 599 0
2 Solid-state black-and-white TV 0 0 322.3 921 0
3 CEC standard refrigerator 0 0 728.0 1,649 0
4 CEC standard room A/C 0 0 152.1 1,802 0
5 CEC standard central A/C 0 0 168.0 1,970 0
6 Water heater temp. setback 0 0 186.2 2,156 0
7 Cold-water laundry 0 0 Lo7.4 2,563 0
8 Low-flow showerhead 0.2 0 496.6 3,060 8
9 Night setback of 10 OF 0.6 0.1 153, 1 3,213 20
10 Savings on pool filter from cover 0.8 0.1 287.0 3,500 24
11 Most efficient refrigerator 0.9 0.3 1092.0 4,592 102
12 Refrigerator package "AY 1.1 0.5 1466. 4 6,058 227
13 Most efficient freezer 1.4 0.5 305.8 6,364 259
14 Water heater insulation blanket 1.5 0.6 240.6 6,605 275
15 3-way bulb to GE Halarc 1.7 0.6 110.6 6,715 283
16 Sealed attic bypasses 2.1 0.6 92.5 6,808 307
17 Freezer package 2.6 0.7 327.6 7,135 373
18 Kitchen fluorescent lights 2.9 0.9 608.9 7,744 511
19 R-19 ceiling insulation 3.7 0.9 9.9 7,754 515
20 Diversion of electric clothes dryer vent 3.8 0,9 105.4 7,860 546
21 Gas clothes dryer 4.6 1.3 766.7 8,626 821
22 Exterior fluorescent lights 4,7 1.4 239.0 8,865 909
23 100 W bulb to fluorescent (1)d 5.0 1.5 334.5 9,200 1,039
24 Storm windows 5.7 1.6 258 4 9,458 1,224
25 Central A/C wall insulation 6.2 1.7 308.7 9,767 1,462
26 Most efficient central A/C 6.4 1.9 252.0 10,019 1,630
27 Manual refrig. improvement 6.5 2.0 208.0 10,227 1,734
28 Most efficient electric dryer 6.5 2.0 62,0 10,289 1,765
29 Fireplasce damper 6.5 2.0 13.4 10,302 1,772
30 100 W bulb to fluorescent (2)d 6.6 2.1 290.3 10,593 1,920
31 R-11 insulation in walls T4 2.1 8.8 10,601 1,928
32 3-way bulb to fluorescent 7.6 2.3 305.3 10,907 2,108
33 Caulking 8.9 2.3 102.1 11,009 2,178
34  Gas range 9.3 2.5 27h.2 11,283 2,374
35 Window shading for central A/C 9.5 2.6 9l .5 11,377 2,443
36 Refrigerator package "B" 10,0 2.8 05,6 11,783 2,755
37 100 W bulb to fluorescent (3)d 10.1 2.9 191.2 11,974 2,904
38 Most efficient room A/C 10.2 2.9 24,3 11,999 2,926
39 75 W bulb to fluorescent 12.4 3.1 155,8 12,154 3,074
L0 Weatherization (apartments) 12.8 3.2 204.0 12,358 3,346
41 Additional R-19 in ceiling 1.0 3.3 68.9 12,427 3,466
42 Weatherstripping 30.8 3.4 47,9 12,475 3,530

a

The conservation measures are listed in the order they appear in the supply
curve, l.e., according to cost of conserved energy.

in 1979 dollars.

Note that 1 Terawatt-hour (TWh) = 1 billion kWh, and 1 gigawatt-hour (GWh)
= 1 million kWh.

Residential lamps are divided into three groups according to annual hours
of uses (1) = average of 800 hr, (2) = 600 hr, and (3) = 400 hr.
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Table 2.

Summary of energy consumption in the residential and commercial sectors of U.S8.:

1980 vs 2000,

Year 1980 Year 2000
Conservation Measures Conservation and Solar
to Current Cost Measures to Curent Cost
Baseline of 0il and Electricity of 0il and Electricity
Elec. Elec. Elec. Elec,
Fuel (Q) (Q resource) Total Fuel (Q) (Q resource) Total TFuel (Q) (Q resource) Total Fuel (Q) {(Q resource) Total

A) Residential
Existing residences

space heating

and cooling 7.04 2.65 9.69 5.50 1.98 7.48 1.95 0.88 2.83 1.37 0.66 2,03
New residences

space heating

and cooling - — - 1.59 1.96 3.55 0.74 0.92 1.66 0.54 0.81 1.35
Water heating 1.29 1.00 2,29 1.46 2,11 3.57 0.75 1.26 2,01 0.55 0.92 1.47
Appliances 0.47 4,16 4,63 0.68 6.67 7.35 0.43 4.13 4.56 0.43 4,13 4.56
Residential total 8.80 7.81 16.61 9.23 12.72 21.95 3.87 7.19 11.06 2.89 6.52 9.41
B) Commercial
Existing buildings 4.8 5.6 10.4 1.6 2.4 4.0
New buildings 3.2 10.1 13.3 0.2 3.1 3.3
Commercial Total 4.8 5.6 10.4 3.2 10.1 13.3 1.8 5.5 7.3
C) Total 13.6 13.4 27.0 12.4 22.8 35.2 5.6 12.7 18.3

(Residential and
Commercial)

Note:
per kWh.

The conservation and solar technology potential is based on conservation measures with a cost less than 7.5 $/million Btu or 5.7 cents
The additional savings for all measures with a higher cost is 0.70 quads.



achieve this technical potential of $450 billion
cumulatively over the next 20 years (in undis-~
counted 1980 dollars). But the direct economic
returns to such investments would be even greater,
due to reduced needs to import high-priced oil and
to construct costly new power plants and other
energy facilities. For example, the conservation
and solar measures we analyze can save energy at an
average cost of about $10 per barrel-of-o0il-
equivalent-~an attractive investment by any cri-
terion.

We based these estimates on a detailed, end-
use analysis of energy waste and inefficiency in
today's buildings and appliances, and the opportun-
ities for improved efficiency in new additions to
the stock. For purposes of the analysis, we
accepted (without necessarily agreeing with) all of
the EIA projections of stocks, appliance satura=
tions, and fuel choice, but adjusted the assumed
bullding and equipment efficiency levels to minim-
ize overall life-cycle costs. For the residential
sector, individual conservation and solar measures
were ranked in order of cost-effectiveness (cost
per unit of conserved energy), as with the Califor-
nia residential analysis. The result was once
again a series of "supply curves of conserved
energy," illustrated in Figures 6A and 6B. End-use
data were not available in sufficient detail for
the various categories of commercial buildings to
permit us to compile conservation supply curves for
that sector; this task will be part of our continu-
ing efforts in 1981 and 1982.

A statement of technical potentials is not the
same as a forecast of what is actually expected to
occur through the workings of the market or the
effects of public policies. Achieving most or all
of this technical potential will require a massive
effort to retrofit the existing building stock,
improve building operation and maintenance prag-
tices, and introduce the best available energy-
efficient technologies in new construction and new
appliance manufacture.

"House Doctor” Demonstration, Training, and
Retrofit Monltoring Project

Researchers at LBL are currently conducting a
cooperative project with Pacific Gas and Electric
Company (PG&E) to determine the energy savings
resulting from "house doctor® pretrofitting of
single~fanily residences in Walnut Creek, CA. The
standard house-doctor visit is designed to increase
the effectiveness of residential audits by includ-
ing instrumentation and ~2 person-days of retrofit-
ting. House docteoring also has potential as a con-
tractor type business similar to, or combined with,
insulation installation.

The procedure emphasizes use of a '"blower
door," a device which can both pressurize and
depressurize a house to facilitate the measurement
of infiltration levels and permit quick identifica-
tion of air leaks. 4&n infrared scanner is used in
conjunction with the blower door to detect leaks in
the attic and to check the quality of wall insula-
tion.

From the audit portion of the visit, a series
of recommendations are made to the homeowner, as in

other audit procedures. The principal feature of
the retrofit portion is that the auditor, at the
time of the visit, will implement simple energy-
saving measures while the house is pressurized.
The convenlence to homeowners is that the work is
not only done immediately (and correctly) but also
at low materials cost.

Thirty houses were included in our study. Ten
of the houses were “active controls" which received
house~-doctor audits only (no retrofit). Ten
received a standard house-doctor visit, and ten
received an "extended retrofit," which is a house-
doctor visit plus additional retrofit to be per-
formed by contractors. In our experiment, the
house-doctor audit is essentially the PG&E Enercom
computerized audit with the addition of an infil-
tration measurement and a few extra items on the
audit form/prescription. Our retrofits included
installation of electronic ignition devices on the
furnace=-~not always considered part of house doc-
toring. The contractor retrofits will be installed
in Spring 1981, selected on the basis of economic
attractiveness from a list that includes:
increased insulation in attics, walls, and floors;
installation of storm windowss taping and insulat-
ing furnace ductss further house-doctor-type leak
pluggings and replacement of incandescent with
fluorescent light fixtures.

The energy use of each house will be moni-
tored for at least one year after the retrofitting
oceurs. Consumption by furnace, water heater,; pool
heater (if any), and air conditioner will be
recorded weekly. A regression of energy use with
respect to temperature data from a nearby site,
done before and after the retrofits, will allow
calculation of energy savings in an average year.

Several useful materials have been developed
as part of this project. One is a comprehensive
House Doctor Manual which describes the on-site

audit and retrofit procedure. Another is a com-
plete list of the equipment, tools, and retrofit
materials needed for a house-doctor visit., In
addition, a curriculum for training house doctors
was developed and used in a two-week intensive
training course for seven PGEE "weatherization spe-
clalists." These trained PG&E house doctors com-
pleted the twenty partial retrofits and thirty
audits during November and early December of FY
1980,

Various members of the public were invited to
observe a series of retrofit demonstrations in
October. This program was designed so that the
observers could get a first-hand idea of the kind
of retrofit procedure that becomes possible when
the various instruments mentioned above are used.
The houses were house-doctored by two members of
our LBL staff, while a third explained the pro-
cedure to the observers.

The preliminary results from this project are
summarized in Tables 3 and 4. The average reduc—
tion in infiltration (as calculated from the
blower~door measurements) is 30%, with a range from
14% to 65%. The average infiltration rate for the
16 houses included in the preliminary calculations
is 0.75 air changes per hour (ach) before, and 0.52
ach after house doctoring. We estimate the costs
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Table 3. Infiltration reduction from house-doctor retrofits.

House Year Yolume Leakage Area Heating Season Average Infiltration
Constructed (m3) (em3) Air changes/hour Reduction (%)
Before After Before After
Az 1969 430 1421 1081 .62 U7 24
A3 1955 350 1499 1282 .78 .67 1
A5 1965 370 1325 789 .68 ey 41
LG 1956 350 1126 951 .62 .52 16
AT 1969 600 1638 1319 .52 A2 19
A9 1966 420 1148 iy .68 .56 18
A0 1960 340 2010 1510 1.12 .84 25
B1 1965 490 2091 1606 1.06 .82 23
B2 1970 520 1916 1297 .70 AT 33
BY 1969 640 2712 950 1.06 37 65
B5 1970 510 1761 1106 67 42 37
B6 1960 4n0 1437 1049 .62 45 27
BT 1969 640 1462 1127 .57 U4 23
B8 1969 600 3164 1827 .99 57 42
B9 1965 480 2148 1458 .85 .58 32
B10 1969 770 1230 881 U0 .28 30
Average - Lot 1756 1199 .75 .52 29
(including labor, materials, and overhead) of a New homes

standard house-doctor visit at $365, (or $556
ineluding the cost of IID installation). This
yields a cost of conserved energy, over the useful
lifetime of the retrofits, of $0.22/therm.

By finding and fixing leaks which are
undetectable in current (uninstrumented) audits,
house doctoring not only cuts energy waste but can
make other conservation measures more effective.
For example, if an attic is insulated before leaks
are identified and patched, two serious problems
arise: some leaks will be hidden by the insulation
and harder to find and fix, and (2) loss of heat
through these undetected leaks will undermine the
benefits of insulation (in energy and dollar sav-
ings) and discourage homeowners from investing in
energy-efficient strategies. Because of the rela-
tively low materials cost and moderate labor inten-
sity, this audit procedure may be well sulted for
use by small contractors and community groups.
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Use of the blower door as a diagnostic tool
during construction of new homes will probably turn
out to be even more effective than its use in occu-
pled houses.

Homes at time of sale

A house-doctor visit at the time of sale is
probably a good investment for the future owner.
If the house is doctored while it is empty (of fur-
niture, rugs, and material stored in the attie),
far more work can be done in one day. Preliminary
results indicate that house doctor techniques can
save energy at costs below the current fuel prices,
and far below the price of new energy supplies. As
prices rise and the importance of conservation
grows, the importance of testing and refining these
technigues will likewlse increase.



Table 4. Savings and cost of conserved energy (CCE) for house-doctored
homes of Table 3, before final contractor retrofit.

Therms/year Cost of

saved by Total Estimated Conserved

infiltration therms/year Cost® Energyd

House No. Reduction® savedP ($) ($/therm)
A2 41 121 526 .29
A3 28 108 526 33
A5 70 189 556 .20
A6 24 143 556 .26
A7 45 125 | 526 .26
A9 32 112 526 .32
A10 62 101 365 .24
B1 77 77 336 .29
B2 71 151 526 .23
B4 269 349 526 .10
B5 89 208 556 .18
B6 4y Ly 336 .51
BY 53 172 556 .22
B8 151 190 365 .13
B9 78 158 526 .22
B10 55 94 365 .26
Average 74 146 480 .22

aCalculated from leakage area measurements. Assumes 65°F heating degree day
base and 20% reduction in furnace steady-state efficiency due to cycling and
duct losses.

Dincludes calculated savings from water heater and/or intermitbent ignition
device (IID) in houses where these were installed.

CIncludes labor, materials, and 50% overhead. For a typical visit including
infiltration reduction and water heater insulation labor costs are $155 and
materials costs are $75. Additional costs for IID installation are $67
(labor) and $60 (materials).

dCCE caleulated on the basis of an amortization period equal to expected use-
ful life of the retrofits (20 years). Real interest rate assumed to be 3%.

PLANNED ACTIVITIES FOR FY 1981
BECA-B (Residential Retrofit)
BECA=-A (Compilation of New Homes)
We will continue to add to and refine the data
We plan to enlarge our data bank of efficient, of Fig. 2, and submit our report for publication
cost-effective homes from ten to several hundred. during the year.
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BECA-C (Commercial Buildings)

We plan to greatly increase our rate of data
collection, probably by agreement with Energy Users
News, and to publish a regular update in Energy
Users News and other trade journals. BECA-C will
be submitted for publication.

Technical Potentials for
Efficient U.S. Buildings

Energy-

We plan to complete
reviewers' comments, and
publishers.

this work, incorporate
offer it to commercial

House Doctoring.

We shall continue our collaboration with PGE&E,
submetering and monitoring the savings in both
heating and cooling loads. We shall further colla-
borate with PG&E and community groups to train more
house doctors.
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PUBLICATIONS LIST

The publications list through 1980 for the
Energy Efficient Buildings Program is organized as
followss

Energy Efficient Buildings (EEB)--general
reports not specific to any subgroup.

Building Energy Analysis Group (BEAG, includ-
ing DOE-2)--reports concerning computer model-
ling and programming. (GR stands for Group
Report, and represents an internal document).

Building Energy Performance Standards (BEPS)-
-reports specific to the proposed Federal
Building Energy Performance Standards.

Energy Conservation Inspection Service
(ECIS)--contains reports concerning the ECIS
program.

Energy Performance of Buildings--reports
specific to the energy performance of building
envelopes.

Hospitals-~-reports related to the Hospltals
Program.

Schools-=reports specific to the Schools Pro=-
gram.

Ventilation-=reports specific to building ven-
tilation and indoor air quality.

Windows=~reports specific to the energy-
efficient design of windows.

Lighting--reports specific to the energy-
efficient design of lighting systems, includ-
ing daylighting.

Most reports have an LBL number and an EEB
number, either of which may be used for ordering
coplies of the report. A longer version of this
1ist including abstracts is also available.
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Building Energy Analysis Group, May 1980,

EEB-DOE-2 80-2, LBL-8689 (Rev.), DOE-2 Users Guide,
Building Energy Analysis Group, May ay 1980,

EEB-DOE-2 80-4, LBL-8706 {(Rev.), DOE-2 Reference
Manual, Building Energy Analysis Group9 May 1980,

EEB-DOE-2 80-5, LBL-11526, Application of DOE-2 to
Residential Building Energy Parformance Sbaﬂdafdﬁg
M. Lokmanhekim, D.B. Goldstein, M.D. Levine, and
A.H. Rosenfeld. May 1980.

EEB-DOE-2 80-6, LBL-11530, Using DOE-2.1 at
Lawrence Berkeley Laboratory, Bu¢1d1mh Energy
Analysis Group, September 1980,

EEB-DOE-2 80-7, LBL-11584, Discussion on ASHRAE
Weighting Factor Methods, M. Lokmanhekim, and F.
Winkelmann. September 1980,

EEB-DOE-2 80-8, LBL-11792, Life-Cycle Cost and
Energy-Use Analysis of Sun-Control and Déy!LFhC
Options in a nghwrlse Office BUL]dlng F.C.
Winkelmann, and M. Lokmanhekim, October 1980,

BUILDING ENERGY PERFORMANCE STANDARDS (BEPS)
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EEB-BEPS 79-1,
Performance Standards.
ORNL, 1979.

EEB-BEPS 79-2, LBL-9816, Evaluation of Residential
Energy Performance Standards, M.D. Levine, D.B.
Goldstein, M. Lokmanhekim, and A.H. Rosenfeld,
1979. Presented at the DOE/ASHRAE Conference on
the Thermal Performance of the Exterior Envelopes
of Buildings, Orlando, FL, December 1979.

EEB-BEPS 793, LBL=9817, Residential Energy Perfor-
mance Standards: Comparison of HUD Minimum Property
Standards and DOE's Proposed Standards. M.D.
Levine, D.B. Goldstein, and B. O'Neal, September
1979.

Economic Tmpacts of Building Energy
Co-authored with PNL and

1980

EEB-BEPS 80-1, LBL-9731, Uncertainty--an Argument
for more Stringent Energy Conservation. P.P,
Craig, M.D. Levine, and J. Mass, to be published in
Energy: The International Journal, 1960.

EEB-BEPS 80-2, Testimony on BEPS, before the Cali-
fornia Energy Commission. M.D. Levine, January
1580,

FEB-BEPS 80-3, LBL=3110, Residential Energy Perfor-
mance Standards: Methodology and Assumptions.

D.B, Goldstein, M.D. Levine, and

J. Mass, March 1980.

EEB-BEPS 80-%, Data Base of DOE-2A Computer Simula-
tions of Re51dentlaL Bu1ldlng Energy Use, used for
DOE's Proposed Building Energy Performance Stan-

dards, May 1980.

EEB-BEPS 80-5, LBL-10440, Energy Budgets and
Masonry Houses: A Prelinlnary Analysis gj Egg Com-
parative Energy Performance of Masonry and Wood-
Frame Houses. D.B. Goldste1n9 M.D. Lev1ne9 and J.

Mass, May 1980.

EEB-BEPS 80-6, of the
nia Building Energy Standards: A Case Sbudyo
Danielson, June 1980,

Lﬁ




EEB-BEPS 80-7, Testimony on BEPS, before the Senate
Subcommittee on Energy Regulation. M.D. Levine,
June 1980. .

EEB-ECON 80-1, Energy Conservation and Energy
Decentralization: Issues and Prospects. M.D.
Levine and P.P. Craig, presented at AAAS Symposium,
January 1980, and included in ABAS book.

EEB-ECON 80-2, Energy Use and Appliance Acquisition

Mechanisms. F. Reld, February 1980,

EEB-AEPS 80-1, LBL-10797, A Model for Water Heater
Energy Consumptlon and Hot Water Use° Analysis of
Survey and Test Data o on " Residentiszl | Hot Water Heat-

ing. R.D. Clear and D,B. Goldstein, May 1980,
EEB-AEPS 80-2, Economic Analysis Document: Consu-
mer Products Energy Performance Standards. Co-

author with SAT and other contractors, June 1980,

ENERGY CONSERVATION INSPECTION SERVICE

1978

EEB=-ECIS 78-=1,
Bnergy Conservation Inspection Service. S. Becker-
man, R. Codina, B. Cornwall, and A.K. Meier, March
1978,

ENERGY PERFORMANCE OF BUILDINGS

EEB-ENV 78-1, LBL~6856, Diagnostic Tests Determin-

UCID-U4036, Preliminary Report of the

Energy Conservation Inspection Service/
Energy Performance of Buildings

1979

EEB-ENV 79-2, Pub. 266,
mond. November 1978,

Stop the Draft. R.C. Dia-

EEB-ENV 79-3, LBL-8822, A New Measurement Strategy
for In-Situ Testing of Wall Thermal Performance.
P.E. Condon, W.l. Carroll, and R.C. Sonderegger,
September 1979. Presented at the DOE/ASHRAE
Conference on the Thermal Performance of the Exte-
rior Envelopes of Buildings, Orlando, FL, December
1979.

EEB-ENV 79-4, LBL-8785, Infiltration~Pressurization
Correlation: Surface Pressures and Terrain
Effects. M.H. Sherman, D.T. Grimsrud, and R.C.
Diamond, March 1979. ASHRAE Trans., 85(2), 1979.

EEB-ENV 79~-5, LBL-8925, Thermal Performance of
Buildings and Bullding Envelope Systems: an Anno-
tated Bibliography. W.L. Carroll, April 1979.
Presented at the DOE/ASTM Thermal Insulation
Conference, Tampa, FL, October 23-24, 1978.

EEB-ENV 79-6, LBL-8949, Electric Co-Heating: A
Method for Evaluating Seasonal Heatlng Efficiencies
and Heat Loss Rates in Dwellings. R.C. Sonderegger
and M.P. Modera, March 1979. Published in Proceed-
ings of the Second Symposlium on Energy Conservation
in the Built Environment, Copenhagen, Denmark, May
27-June 1, 1979.

EEB-ENV 79=-7, LBL=8828, Air Leakage, Surface Pres-
sures and Infiltration Rates in Houses. D.T.
Grimsrud, M.H. Sherman, R.C. Diamond, and R.C. Son-
deregger, March 1979. Published in Proceedings of
the Second International CIB Symposium on Energy
Conservation in the Built Environment, Copenhagen,
Denmark, May 27-June 1, 1979.

EEB-ENV 79-8, LBL=9157, Infiltration and Air Leak-
age Comparisonsg: Conventional and Energy Efficient
House Designs. D.T. Grimsrud, M.H. Sherman, A.K.

ing the Thermal Response of a House. R. Son-
deregger, November 1977. ASHRAE Trans., 8U4(1),
1978,

EEB-ENV 78-2, LBL-7822, UC-92d, Air Infiltration in

Buildings: Literature Survey and Proposed Research
Agenda. H.D. Ross and D.T. Grimsrud, February

1978,

EEB-ENV 78-3, LBL-6849, An Automated Controlled-
Flow Air Infiltration Measurement System. P.E.
Condon, D.T. Grimsrud, M.H. Sherman, and R.C. Kam-
merud. To be published in Proceedings of the Sym-
posium on Air Infiltration and Air Change Measure-
ments, ASTMM, Washington, D.C., March 1978,

EEB-ENV 78-U4, LBL-T7830, Case Studies in Air Infil-
tration. D.T. Grimsrud. Published as a chapter in
Air Infiltration in Bulldings, International Energy

Agency Draft Program Plan, May 1978.
EEB-ENV 78-5, LBL-7824, Infiltration-Pressurization

Correlations: Detailed Measurements on a Califor=
nia House. D.T. Grimsrud, M.H. Sherman, R.C. Dia-
mond, P.E. Condon, and A.H. Rosenfeld, August 1978.
ASHRAE Trans., 85(1), 1979.

EEB-ENV 78-6, LBL-8394, An Intercomparison of
Tracer Gases Used for Air Infiltration Measure-
ments. D.T. Grimsrud, M.H. Sherman, J.E. Janssen,
A.N. Pearman, and D. Harrje, November 1979.
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Blomsterberg, and A.H. Rosenfeld, October 1979,

EEB-ENV 79-9, LBL-9625, A Model Correlating Air
Tightness and Alr Infiltration in Houses. A.K.
Blomsterberg, M.H. Sherman, and D.T. Grimsrud,
October 1979.

EEB-ENV 79-10, LBL-9162, The Low Pressure Leakage
Fugetion of a Building. M.H. Sherman, D.T.
Grimsrud, and R.C. Sonderegger, November 1979.

1980

EEB-EPB 80-1 (EEB-ENV 79-23), LBL-10117, In-situ
Measurements of Residential Energy Performance
Using Electric Co-heating. R. Sonderegger, P.E.
Conden, and M.P. Modera, January 1980.

EEB=EPB 80-2, LBL-10163, Infiltration-
Pressurization Correlation: Simplified Physical

Modeling. M.H. Sherman and D.T. Grimsrud, March
1980,

EEB-EPB 80-3, LBL-10705, Air Infiltration Measure-
ment Techniques. M.H. Sherman, D.T. Grimsrud, P.E.
Condon, and B.V. Smith, April 1980.

EEB-EPB 80-4, LBL-9821, Measurement of In-situ
Dynamic Thermal Performance of Building Envelopes




Energy Performance of Buildings/
Hospitals/Schools/Ventilation

Using Heat Flow Meter Arrays. P.E. Condon and W.L.
Carroll, July 1979. Presented at the DOE/ASHRAE
Conference on the Thermal Performance of the Exte-
rior Envelopes of Buildings, Orlando, FL, December
3=6, 1979.

FEB-EPB 80-6, LBL=10996, Pressurization Test
Results: BPA Energy Conservation Study. D.L.
Krinkel, D.J. Dickerhoff, J.J. Casey, and D.T,
Grimsrud, December 1980,

EEB-EPB 80-7, Pub. 313, What About Fireplaces?
R.C. Diamond, September 1980,

EEB-EPB 80-8, LBL-10701, UC~95d, Determination of
In-3itu Performance of Fireplaces. M.P. Modera, and
R. Sonderegger, August 1980.

HOSPITALS
1978

EEB-Hosp 78-1, UC-95d, LBL-8257, Hospital Ventila~
tion Standards and Energy Conservation: Proceedings

of the 1978 International Working Conference,

October 1978,

EEB-Hosp 78-2, UCID-8060, Hospital Ventilation
Standards and Energy Conservation: Bibliographic
Keywords. R. DeRoos, R. Banks, and D. Rainer, Sep-
tember 1978,

EEB-Hosp 78-3, UC-95d, LBL-8316, Hospital Ventila-
tion Standards and Energy Conservations A Summary
of the Literature with Conclusions and Recommenda-
tions, FY 78 Final Report. R. DeRoos, R. Banks,
D. Rainer, J. Anderson, and G. Michaelsen, August
1979.

1979

EEB-Hosp 79-1, UCID-8108, Energy Study of the Naval
Regional Medical Center. Consultants Computation
Bureau, January 1979.

EEB-Hosp 79-2, LBID=082, Energy Efficient Water Use
in Hospitalss Final Summary Report. T, Alereza,
A. Benjamin, and B. Gilmer, July 1979.

EBB-Hosp 79-3, LBL=9356, Hospital Energy Audits:

Bibliography. R.I1. Pollack, J. Boe, G.D. Reseme,
M. Chatigny, and D.D. Devincenzi, November 1979,

EEB-Hosp 79~4, LBID-111, Energy Conservation in
Hospitalss: Actions to Improve the Impact of the
National Energy Act. R.I. Pollack, December 1979,

EEB-Hosp 79-5, LBL-9987, Hospital Laundry Standards
and Energy Conservation: A Program Plan. D.R.
Battles, D. Vesley, and R.S. Banks, January 1980.

EEB-Hosp 79-6, LBL-10475, Chemical Contamination of
Hospital Air. D. Rainer, and G.S. Michaelsen,
March 1980,

EEB-Hosp 79-7, LBL=10628, Hospital Ventilation
Standards and Energy Conservation: A Review of
Governmental and Private Agency Energy Conservation
Initiatives. R.S. Banks and D. Rainer, March 1980.
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SCHOOLS
1978

EEB-Schools 78-1, LBL=7861, Instrumentation Design
for Energy Analysis in Three Elementary Schools.
A.J. Heltz, A.H. Rosenfeld, T. Fujita and H.W. Sig-
worth, Jr., October 1978,

EEB=Schools 78-2, UCID-8063, Status Report: Energy
Monitoring Results, Eastridge Elementary School,
Lincoln, Nebraska. H.W. Sigworth, Jr. and A.H.
Rosenfeld, August 1978.

EEB-Schools 78-3, UCID-8064, Energy Savings Due to
Night Thermostat Setback at an Elementary School.
H.W. Sigworth, Jr. and A.H. Rosenfeld, October
1978,

EEB-Schools 78-4, LBL-9449, DOE-1 Simulations of
Ten Elementary Schools: Base Case Reports. H.W.
Sigworth, Jr., R.B. Curtis, M.T. Bee, and A.H.
Rosenfeld; November 1978.

EEB=SCH-Colleges 78-1, LBL-7862, A Final Report on
a Pilot Study of Energy Congervation Strategies on
Community College Campuses. P.C. Rowe and C.M.
York, August 1978,

EEB-SCH-Colleges 78-2, UC~95d, LBL-7813, Energy
Managements A Program of Energy Conservation for
the Community College Facility. P. Rowe and H.
Miller, October 1978.

EEB=Schools 79-1, Status Reports Modification
Costs for 10 Schools "Saving Schoolhouse Energy"
Program. A.J. Heitz and A.H. Rosenfeld, January
1979.

EEB-Schools 79-2, LBL-8449, DOE-1 Simulations of
Nine Elementary Schools: Retroflt Reports. H.W.
Sigworth, Jr., M.T. Bee, R.B. Curtis, and A.H.
Rosenfeld, January 1979.

EEB-~79-3, UC=95d, LBL=9106, Saving Schoolhouse
Fnergy: Final Report. J. Rudy, H.W. Sigworth, and
A.H. Rosenfeld, June 1979.

1978

EEB=Vent 78=1, Energy Efficient Buildings Mobile
Laboratory, Current Status - Jannuary 15, 1978.
J.V. Berk, C.D. Hollowell, C. Lin and J.H. Pepper,
January 1978,

EEB-Vent 78-2, UC-~11, LBL-7817 Rev., Design of a
Mobile Laboratory for Ventilation Studies and

Indoor Air Pollution Monitoring. J.V. Berk, C.D.
Hollowell, C.I. Lin, and J.H. Pepper, April 1978.

EEB-Vent 78-3, LBL-T831, Indoor Air Quality Meas-
urements in Energy Efficient Bulldings. C.D. Hol-
lowell, J.V. Berk, and G.W. Traynor. Presented at
the Ti1st Air Pollution Control Association Meeting,
Houston, TX, June 25-19, 1978,

BEEB~Vent 78«4, Energy Efficient Buildings Mobile
Laboratory, Current Status - June 15, 1978. J.V.
Berk, C.D. Hollowell, C.I. Lin, and J.H. Pepper,
June 1978,




EEB-Vent 78-5, UC-11, LBL-7809, Human Disease from
Radon Exposures: The Impact of Energy Conservation

Ventilation

EEB=Vent 79-10, LBL-9380, Variable Ventilation Con-
trol Systems: Saving Energy and Maintaining Indoor

in Buildings. R.J. Budnitz, J.V. Berk, C.D. Hol-
lowell; W.W. Nagzaroff, A.V. Nero, and A.H. Rosen~
feld, August 1978,

EEB-Vent 78-6, LBL~8470, Impact of Reduced Infil-
tration and Ventllation on Indoor Alr Quality in
Residential Buildings. C.D. Hollowell J.V, Berk
and G.W. Traynor, November 1978. Presented at the
ASHRAE Symposium on Air Infiltration, Philadelphia,
PA, January 1979.

LBL-7832, Combustion-Generated Indoor Air Pollu-
tion. C.D. Hollowell, and G.W. Traynor, April
1978,

1979

EEB-Vent 79-1, LBID-045, Studies of Effects of
Energy Conservation Measures on Alr Hygiene in Pub-

lic Buildings. R.L. Dimmlck and H. Wolochow, April
1979.

EEB-Vent 79-2, LBL~-8892, Indoor Air Quality in
Fnergy-Efficient Buildings. C.D. Hollowell g,
Berk, C. Lin, and I. Turiel, March 1979. Presented
at the Second International CIB Symposium on Energy
Conservation in the Built Environment, Copenhagen,
Denmark, May 27-June 1, 1979.

EEB-Vent 79~3, LBL-8893, Automatic Variable Venti-
lation Control Systems Based on Alr Quality Detec=
tion, I. Turiel, C.D, Hollowell, and B.E. Thurs-
ton, March 1979. Presented at the Second Interna-
tional CIB Symposium on Energy Conservation in the
Built Environment, Copenhagen, Denmark, May 27-June
1, 1979,

EEB-Vent 79-4, LBL-8894, Indoor Air Quality Meas-
urements in Energy-Efficient Houses. J.V. Berk,
C.D. Hollowell, C. Lin, July 1979. Presented at
the Air Pollution Control Association 72nd Annual
Meeting, Cincinnati, OH, June 25-29, 1979,

EEB-Vent 79-5, UC-95d, LBL-917h4, The Effects of

Fnergy Efficient Ventlilation Rates on Indoor Air
Quality at a California High School. J.V. Berk,
C.D., Hollowell, C. Lin, and I. Turiel, July 1979.

EEB-Vent 79-6, LBL=9284, Bullding Ventilation and
Indoor Air Quality Program. Chapter from Energy
and Environment Division Annual Report, July 1979.

EEB-Vent 79-7, LBL-9397, Indoor/Qutdoor Measure-
ments of Formaldehyde and Total Aldehydes. C. Lin,
R. Anaclerio, D. Anthon, L. Fanning, and C.D. Hol-
lowell, July 1979. Presented at the 178th National
Meeting of the American Chemical Society, Division
of Environmental Chemistry, Washington, D.C., Sep-
tember 9-14, 1979,

EEB-Vent 79-8, LBL-9402, Radon-222 in Energy-
Efficient Bulld:mgso ¢.D. Hol Hollowell, M.L. Boegel,
J.G. Ingersoll, and W.W. Nazaroff, June 1979.
Presented at the American Nuclear Society Meeting,
San Francisco, CA, November 11-16, 1979.

BEB-Vent 79-9, LBL-9379, Impact of Energy Conserva-

tion in Buildings on Health. C.D. Hollowell, J.V.
Berk, C. Lin, W.W. Nazaroff, and G. Traynor, June
1979. Presented at the International Conference on
Energy Use Management, Los Angeles, CA, October
2226, 1979.
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Alr Quality. I. Turiel, C.D. Holjowe119 and B.E.
Thurston, June 1979. Presented at the Interna-
tional Conference on Energy Use Management, Los
Angeles, CA, October 22-26, 1979.

EEB-Vent 79-11, LBL-9381, Air-to-Alr Heat

Exchangers: Saving Energy and Improving Indoor Air
Quality. G. Roseme, C.D. Hollowell, A. Meler, A.H,

Rosenfeld, and I. Turiel, June 1979. Presented at
the International Conference on Energy Use Manage-
ment, Los Angeles, CA, October 22-26, 1979.

EEB-Vent 79-12, LBL-9382, The Effect of Reduced
Ventilation on Indoor Air Quality and Energy Use in
Schools. J.V. Berk, C.D. Hollowell, C. Lin, and I.
Turiel, June 1979. Presented at the International
Conference on Energy Use Management, Los Angeles,
CA, October 22-26, 1979.

EEB-Vent 79-13, LBL=9403, 4 Flow Control System for
Accurate Sampling of Air. DLW, Anthon, L.Z. Fan-
ning, C.D. Hollowell, “and C. Lin, December 1979.
Submitted to Analytical Chemlstry°

EEB-Yent 79-14, LBL-10246, Instructions for Operat-
ing LBL Passive Environmental Raden Monitor (PERM).
M.L. Boegel, W.W. Nagzaroff, and J.G. Ingersoll,
August 1979.

EEB-Vent 79-15, LBL-9986, An Improved Technique for
Measuring Radon Daughter Working Levels in
Residences. W.W. Nagzaroff, December 1979.

EEB-Vent 79-16, LBL-9560, Radon in Energy Efficient
Residences. C.D. Hollowell, J.V. Berk, M.L. Boe-
gel, J.G. Ingersoll, D.L. Krinkel and W.W.
Nazaroff, February 1980.

EEB=-Vent 79-17, LBID=084, Formaldehyde in Office
Trailers. L.Z. Fanning, October 1979.

EEB-Vent 79~18, LBID-085, Contaminant Control in
the Built Environment: State-of-the-Art Summary.
R.G. Langenborg, July 1979.

EEB-Vent 79-19, LBL-9578, Ventilation and Odor Con-
trols: Prospects for Energy Efficiency. W.S. Cain,
L.G. Berglund, R.A. Duffee and 4. Turk, November
1979,

EEB~Vent 79-20, LBL-9635, Atmospheric Contaminant
Control in the Built Environment: An Overview of
Technology and Equipment. C. Lin and R.G. Langen-
borg, February 1980,

1980

EEB-~Vent 80-1, LBL-10390, Building Ventilation and
Indoor Air Quality, 1979 Annual Report. C.D, Hol-
lowell, January 1980.

EEB-Vent 80-2, LBL-10553, Effects of Energy Conser-
vation Measures on Air Hygiene in Public Buildings:
Final Report. R.L. Dimmick and H. Wolochow, Februe
ary 1980,

EEB-VYent 80-3, LBL-10391, Building Ventilation and
Indoor Air Quality. C.D. Hollowell, J.V. Berk,
M.L. Boegel, R.R. Miksch, W.W. Nazaroff, G.W. Tray-
nor, January 1980.

EEB-Vent 80-4, LBL-10525, Indoor Radiation Expo-
sures from Radon and its Daughters: A View of the
Issues. A&.V. Nero, March 1980.




Ventilation/Windows

EEB-Vent 80-5, LBL-10527, The Impact of Reduced
Ventilation on Indoor Air Quallty in Residential
Buildings. Jv. Berk, “C.D. Hollowell J.H. Pepper,
and R.A. Young, March 1980,

EEB-Vent 80~6, LBL-10222, The Control of Radon and

Radon Daughter Concentrations in a Low Infiltration

House Using Mechanical Ventilation with Heat
Recovery. W.W. Nazaroff, M.L. Boegel, C.D. Hol-
lowell and G.D. Roseme, March 1980.

EEB-Vent 80-7, LBL-11378, Trace Organics in
Offices. H.E. Schmidt, C.D. Hollowell, R.R.
Miksch, and 4.8. Newton, April 1980.

EEB-Vent 80-8, LBL-8894 Rev, Indoor Air Quality
Measurements in Energy-Efficient Buildings. J.V.
Berk, C.D. Hollowell, J.H. Pepper, and R. Young,
May 1980.

EEB-Vent 80-9, LBL-10223, The Effects of Energy-
Efficient Ventilation Rates on Indoor Alr Qualilty
at an Ohio Elementary School. J.V. Berk, R. Young,
.0, Hollowell I. Turiel, and J. Pepper, April
1980.

EEB-Vent 80-10, LBL-9749, Residential Ventilation
with Heat Recovery: Improving Indoor Air Quality
and Saving Energy. G.D. Roseme, J.V. Berk, M.L.
Boegel, C.D. Hollowell, A.H. Rosenfeld, G.W. Tray-
nor, and I. Turiel, April 1980.

EEB-Vent 80=11, LBL=9785, A Modified Pararosaniline

Method for Determination of Formaldehyde in Air.
R.R. Mlksoh D.W. Anthon, L.Z. Fanning, K. Revzan7
J. Glanville, and C.D. Hollowell, April 1980.

EEB=Vent 80-12, LBL-10629, Instructions for Operat-

Daughters. W.W. Nagaroff, L.V. Nero, and K. Rev-

Zan.

EEB-Vent 80-22, LBL-10775, Radon and Its Daughters
in Energy Efficient Buildings. A.V. Nero, M,L.
Boegel, C.D. Hollowell, J.G. Ingersoll, W.W.
Nazaroff, and K. Revzan.

EEB-Vent 80-23, LBL=~9522, Emissions from Domestic
Gas Ranges. G.W. Traynor, D.W. Anthon, and G.D.
Hollowell.

EEB~Vent 80-24, LBL-11828, Indoor Air Quality Under
Energy Efficient Ventllatlon Rates at a New York
City Elementary School. R.A. Young, J. B Berk,
C.D. Hollowell, J.H. Pepper and I. Turiel.

EEB-Vent 80-25, LBL-11854, A Rapid Spectroscopic
Technique for Determining the Potential Alpha
Energy Concentration of Radon Decay Products.
Revzan and W.W. Nazaroff.

EEB-Vent 80-26, LBL-11870, A Time-Dependent Method
for Characterizing the Diffusion of Radon 222 in

Kolio

Concrete. G. Zapalac,
WINDOWS
1978-79
EEB-W 78-01, UC-95f, LBL-7812, A Discussion of Heat

Mirror Film: Performance, Production Process9 and
Cost Estimates. B.P. Levin and P.E. Schumacher,

ing the LBL Formaldehyde Sampler. L.Z. Fanning and
R.R. Miksech, April 1980.

EEB-Vent 80-13, LBL=11097, Operating Instructions

October 1977.

EEB-W 78-02, UC~95d, LBL-7825, High Performance
Solar Control Office Windows. W.J. King, December

for LBL Radon Measurement Facilities. J.G. Inger-
soll, June 1980.

EEB-Vent 80-14, LBL-10631, A Method for Estimating

1977

EEB-W 78-03, LBL-7829, Transparent Heat Mirrors for
Passive Solar Heating Applications. $. Selkowitg,

the Exhalation of Radon from Bulldlng Materials.
T.G. Ingersoll, “B.D. Stitt, and G.H. Zapalac, April
1980,

EEB-Vent 80=15,
as an Indicator of Ventilation Rate.
J. Rudy, April 1980,

EEB-Vent 80-16, LBL-11771, A Survey of Radionuclide

LBL-10496, Occupant-Generated CO
I. Turiel &nd

Contents and Radon Emanation on Rates . in Building
Materials Used in the U.S. J. G. fngersoll B.D.

Stltt and G.H. Zapa]acs
FEB-Vent 80-17, LBL-11052, Radon Daughter Exposures

March 1978.

FEB-W 78-04, LBL-7840, Energy Efficient Windows
Program Activities. S. Selkowitz and S. Berman,
1978,

EEB-W 79-01, LBL-7833, Transparent Heat Mirrors for
Passive Solar Heating Applications. 8. Selkowitz,
March 1978. Published in the Proceedings of the
Third National Passive Solar Conference of the IES,
San Jose, CA, January 11-13, 1979.

EEB-W 79-03, Effective Daylighting in Buildings:
Part 1. S. Selkowltz, February 1979.

in Energy Efficient Buildings. A.V. Nero.

EEB-Vent 80-18, LBL-11793, Performance of Residen-
tial Air-to-Air Heat Exchangers: Test Results and
Me’chodso “W.d. Flsk, and G.D. Roseme, and C.D. Hol~
Towell.

EEB~Vent 80-19, LBL-10479, The Effect of Reduced
Ventilation on Indoor Alr Quality in An n Office
Building. I. . Turiel, C.D. Hollowell "R.R. Miksch,
J.V. Rudy, and R.A. Young.

EEB-Vent 80-20, LBL-11871, Contaminant Control in
the Built Environment° Formaldehyde and Radon.
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