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Introduction 

Center for Building Science 
Annual Report 

FY 1986 

The Cen ter for Building Science consists of four programs in the Applied Science Divi
sion. It was established to provide an umbrella so that groups in different programs but 
with similar interests' could combine to perform joint research, develop new research 
areas, share resources, and produce joint publications. As detailed below, potential sav-· 
ings for the U.S. society from energy efficient buildings are enormous. But these savings 
can only be realized through an expanding federal R&D program that develops expertise 
in this new area. The Center for Building Science develops efficient new building com
ponents, computer models, data and information systems, and trains needed building 
scien tists. 

Rationale for Building Science 

Buildings are the major energy consumer in the U.S. In 1985 our buildings sector used 
$170 billion worth of energy, mainly as electricity. Of the total annual U.S. electricity 
sales of $150 billion, most ($110 billion) went to the building sector of our economy for 
operating the equipment, lighting, and applia"nces (see Table 1). The use of fuels in 
buildings is also substantial: $60 billion out of the total of $290 billion. 

Since 1973, rising energy prices and awareness have remarkably reduced our energy bills. 
In the case of buildings, since 1973 our stock of households has grown by 25% and com
mercial floor space has increased by 32%. Yet, primary energy use in buildings is up 
only 11% .. Thus, energy use per square foot has fallen by 13% and we are "saving" $22 
billion per year rather than being stuck with "frozen" efficiency of energy use in build
Ings. 

Before 1973, energy prices were low and there was little interest in improving our 
efficiency, so it was conventional wisdom that our energy use would grow at least as fast 
as GNP. In Figure 1a (for the U.S.) the heavy solid line represents actual consumption 
of total primary energy. The lighter solid line is simply GNP scaled to go through the 
1973 energy use of 73 quadrillion BTU (73 quads). Backcast to 1965, we see that GNP 
and energy use tracked nicely, corresponding to frozen efficiency, but forecast to '85 we 
see GNP rising 33% while actual use has leveled off at 73 quads. Thus, we have 
achieved an astounding 33% increase in efficiency, and a remarkable $150 Billion in sav
ings, but are still left with a $440 Billion annual energy bill. 

In figure 1, the broken lines represent oil plus natural gas, which are partially inter
changeable in our society since many boilers switch from one fuel to the other depending 
on the price. Despite a 33% growth in our GNP, our oil & gas use has declined even fas
ter than our (also declining) domestic production of fossil fuels (indicated by the dotted 
line). Compared to 1973, we are now annually saving 1/2 of OPEC's current capacity of 
29 million barrels of oil per day. It seems certain that if we had not red uced the need 
for this oil and gas, it would have come only from imports, since our domestic produc
tion is steadily declining. 

Figure 1 b tells the same story for the OECD, which includes all of North America, 
Western Europe, and Japan. The OECD annual energy bill is $900 B, but (compared to 

1-1 



Table 1. U.S. Energy Expenses, 1985 

Fuel Electricity Tot~l 
Sector ($109) ($109) ($10 ') 

Buildings 60 110 170 
Residential 40 60 100 
Commercial 20 50 70 

Industry 70 40 110 
Buildings 3 7 10 

Transport 160 0 160 
TOTAL 290 150 440 

* Excluding Federal subsidies and rounded to the nearest 10 billion 

Source: State Energy Price and Expenditure Report 1985, DOEjEIA-0376(85) October 1987. 

Notes to Table 1: 

1. To update these costs to 1986 in 1986$ would raise the electricity costs, lower the fuel costs, 
and probably give a few per cent total reduction. [Between 1980 and 1983, total energy bills rose 
3% per year, electricity bills rose 6% per year, and the difference (fuel) dropped very slightly.] 

2. In addition to the tabulated costs paid directly by customers in 1984, there were federal sub
sidies (11%) of $44 billion, bringing the energy total to about $480 billion, larger than all public 
and private expenditures for Health ($400B), Defense ($300B), Education ($200B), or Farm 
Income ($140B). For source of $44B energy subsidies see Heede, Morgan, and Ridley, "The Hid
den Gosts of Energy," Center for Renewable Resources, Washington, D. C., 20036 (1985). 

3. Industrial buildings: In addition to 50 billion square feet of commercial buildings, there are 5 
to 10 billion square feet of industrial buildings, probably closer to lOB ft2, resulting in the esti
mate of $lOB energy bill shown in the table. 
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Fig. 1. U.S. AND OECD ENERGY USE: ACTUAL AND PROJECTED BY GNP. 

Projected energy calculated on a GNP basis in constant dollars, with both forecast and 
"back-cast" values from 1973. Note that the GNP back-cast generally follows the actual con
sumption curve before OPEC. The "primary energy" on1~e left hand scale includes fuel burned 
at the power plant, in units of "quads" [quadrillion (10 ) Btu]. The oil and gas savings were 
converted from quads to fractions of OPEC capacity using an estimated 1986 OPEC production 
capacity of 29 Million barrels per day (58 quads). For the right hand scales, quads were converted 
to 1985 dollars using the 1984 US cost of energy (about $440 billion for 73 quads). 

The lower figure shows comparable data for the entire Organization of Economic Coopera
tion and Development(OECD). The OECD includes all of North America, Western Europe, 
Japan, and Australasia, and consumes about twice as much total resource energy as the US alone. 
Oil and gas savings for the OECD in 1985 were five-sixths of total OPEC capacity. 
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1973 efficiency) we have saved $250 B/year. Our oil & gas savings are 5/6 of current 
OPEC capacity. Because of the North Sea, OECD production of oil and gas is still ris
ing, but nowhere near enough to to supply the amount we have saved. So, again, OECD 
imports would be nearly 5/6 of OPEC capacity higher. 

What would we be paying for oil and gas if OPEC were at 100% of capacity and in 
addition there were still a major shortage of oil? Figure Ie taken from DOE/EIA's 
International Energy Review, hints at the answer -- OPEC was able to raise prices in all 
those years that 80% or more of its capacity was in use. This suggests substantial price 
increases every year above $30/barrel, which we paid during the period 1980 - 1985, 
disastrous increases of $100, 200 or even 300 Billion in our trade and budget deficits, and 
a global selu'rity problem, compared to which the present problems in the Persian Gulf 
pale to insignificance. 

How can these drastic increases be delayed? From a technical standpoint, the potential 
energy savings from both retrofitting existing buildings and constructing efficient new 
buildings are remarkable. One way of estimating the savings that are realistically 
obtainable is by a "least-cost" scenario that maximizes life-cycle costs. A recent study 
for the state of Michigan indicates that, by the end of a 20 year period of new construc
tion and retrofitting, the potential technical savings are 60% and a realistic scenario 
could yield 35% savings. 

These potential societal savings are of great importance to our country. They will be 
manifest in a better balance of trade (less purchase of foreign oil and more efficiently 
manufactured products), the freeing of investment capital (less expenditures on the 
development of oil, gas, coal, and electricity), enhancement of national security (less 
dependence on Middle East petroleum), an extension of the energy services available 
from the Strategic Petroleum Reserve, and a lessening of environmental insults. 

There is no question that conservation has been of tremendous benefit to this society 
and that these benefits will continue only if energy related research is continued. Work 
in the following areas will be especially valuable. Building energy research accelerates 
energy and cost savings available through conservation by 1) developing innovative con
cepts that lead to energy efficient products (e.g., advanced lighting systems, advanced 
windows), 2) gaining an understanding of the performance of actual buildings, 3) predict
ing the performance of new approaches (e.g., daylighting), and 4) developing the tools 
(e.g., computer programs) for the design of efficient buildings and the formulation of 
standards for buildings. Also, research is critical to understanding the human health 
and productivity in buildings, including 1) indoor air pollution, and 2) the relationship of 
lighting to performance. Finally, analytic studies can help predict the impact of energy 
policies and programs on society: for example consumers, the building industry, and the 
energy utilities. 

The work of the Center is organized into four programs: 

Energy Analysis 
Building Energy Systems 

Windows and Lighting 
Indoor Environment 

There are approximately 170 people in these four programs which represent about 70% 
of the effort of the Applied Science Division. Accomplishments of these programs during 
FY 1986 (ending September 30, 1986) are contained in the following four chapters, 
reprinted from the Applied Science Division Annual Report. 
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International Energy Outlook, 1.986. Energy Information Administration, U.S. Department of 
Energy, page 10. 
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CIEE: A New Center-Wid.e Act,ivity 
The California In~titute for Energy Effici~'~cy (ClEE) is' envisioned as an organizational 

· entity that will conduct research at LBL and the University of California (UC) with: : 

Funding provided by the California energy utilities. 

The encouragement of the California Public Utilities Commission (PUC) and the 
California Energy Commission (CEC). 

· - The technology transferred back to the utilities for the ultimate benefit of the Cali
fornia rate payers. 

The effort has involved extensive and ongoing interactions with the PUC, the CEC, the 
utilities (Pacific Gas and Electric Co., Southern California Edison, Southern California 

· Gas, San Diego Gas & Electric Co.), and interested parties such as the Electric Power 
.". Research Institute (EPRI) and DOE. These interactions have been closely coordinated 
· with UC through UERG (Universitywide Energy Research Group). Lawrence Berkeley 
· Laboratory and UC presented research proposals to the assembled representatives of the 

involved institutions in early 1987. Proposals were divided into five topical areas which 
cross-cut the four member Programs. For example, the topic Cooling involved research
ers from all four Programs. Many of the individual proposals have combinations of 
researchers from two or more Programs and/or UC campuses. Each topic has a Coor
dinator who is responsible for assembling the proposals and making presentations; thus 
representing the interests of all the involved Programs. 

These efforts have been highly successful. They have progressed to the negotiating stage 
with Pacific Gas and Electric Co. where support seems virtually certain. Projects with 
Southern California Edison also seem very likely. 
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BUILDING ENERGY SYSTEMS PROGRAM 

INTRODUCTION 

During FY 1986, the Building Energy Systems 
Program was formed as part of a reorganization of 
the Applied Science Division. The Program consists 
of the Simulation Research Group (formerly part of 
the Energy Efficient Buildings Program), the Building 
Systems Analysis Group, and the Active Solar 
Cooling Project (the latter two formerly part of the 
Solar Energy Program). In the new Divisional 
structure, the Building Energy Systems Program is 
one of four programs that constitute the Center for 
Building Science, the others being the Windows and 
Lighting Program, the Energy Analysis Program, and 
the Indoor Environment Program. 

With the exception of the Active Cooling 
Project, which deals specifically with research on 
solar cooling equipment and analysis of solar cooling 
systems, the main theme of the Program is the 
comprehensive simulation and analysis of the energy 
performance of whole buildings. The emphasis is on 
nonresidential buildings, developing and applying 
the types of comprehensive computer models that 
enable integrated analyses of heating, cooling, and 
daylighting system performance. 

The Simulation Research Group has two major 
actIvItIes. The first is the maintenance and 
continued development of DOE-2, a public-domain 
computer program for detailed, hour-by-hour 
simulation of energy use in buildings. DOE-2 is in 
wide use in the U.S. and thirty other countries for 
design of energy-efficient buildings and for research 
studies of innovative building technologies. During 
FY 1986 work continued on adding new capabilities 
to DOE-2 to enhance its usefulness. 

The second main activity of the Simulation 
Research Group is the development of the next 
generation simulation software for use in the 1990's 
and beyond. In collaboration with other groups in 
the U.S., France, China, and the U.K., a plan has 
been formulated to create an "Energy Kernel 
System" consisting of an extensive library of 
software modules and an executive program which 
will allow users to produce a wide variety of 
customized simulation programs. In FY 1986 LBL 
developed the Simulation Problem ANalysis Kernel 
(SPANK) as the first prototype of the Energy Kernel 
System. In addition, LBL initiated the establishment 
of a new professional society - the International 
Building Performance Simulation Association 
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(lBPSA) - in order to foster and guide collaborative 
research in' advanced simulation. 

The Building Systems Analysis Group continued 
investigation of the energy performance impacts of 
passive heating, cooling, and daylighting technologies 
in nonresidential buildings. An examination of 
energy use in educational buildings, carried out in 
FY 1985, had implied that daylighting technologies 
could prove beneficial in this sector; however, a 
more comprehensive examination was conducted in 
1986 and showed that the benefits have marginal 
cost advantages over conventional, efficient, electric 
lighting. Investigations of the ways in which thermal 
energy storage systems can beneficially impact 
building energy use continued. The studies 
conducted in FY 1986 focused on the integration of 
structural thermal energy storage (presumably 
present to enhance the performance of passive 
cooling technologies) with the mechanical cooling 
system. 

Under the Solar Federal Buildings Program, a 
simplified technique was developed for evaluating 
the long-term performance of daylit buildings based 
on short-term monitored data, and plans were made 
to test the methodology in collaboration with 
researchers in the United Kingdom, This project is 
being coordinated with researchers at SERI who are 
developing . thermal performance evaluation 
methodologies, 

During FY 1985 a new project was undertaken 
by the Building Systems Analysis Group with 
participation by the Energy Analysis Program, This 
project is an evaluation of the Institutional 
Conservation Program and is being conducted in 
collaboration with Argonne National Laboratory, 
The DOE Institutional Conservation Program 
provides grants to schools, colleges, and hospitals to 
identify and implement energy conservation 
measures (ECMs). The evaluation project was 
designed to assess the success of the program in 
serving the needs of the institutional sector. In FY 
1986 data collection plans were developed and 
implemented; the plan includes assembly of existing 
data from a variety of sources and collection of new 
data through mail surveys and phone interviews. In 
parallel with the surveys and interviews, two 
additional studies are underway: one is directed at 
assessing the technical quality of the analysis on 



which ECM selection is based, and the other is 
attempting to estimate the overall impact of the 
grants on energy use in the institutional buildings 
sector. 

The Active Solar Cooling Group continued 
research on new types of advanced-cycle absorption 
heat pumps that can more than double the efficiency 
of today's solar cooling systems. The analysis and 
evaluation of the experimental results of testing the 
first of these advanced-cycle machines, using a 
double·efTect regeneratiye, absorption cycle, was 
completed during FY 1 ~86. Very good agreement 
was observed between. the- experimentally measured 
and theoretically calculated efficiency values, over 
the full range of operating conditions. These results 
indicate that the predicted higher efficiencies for 
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more-advanced regenerative absorption heat pumps 
can also be achieved through continued research and 
development. 

In parallel with the experimental work, 
simulations and analyses of solar cooling systems 
have been performed to establish the· operating 
parameters, thermal performance, and parasitic 
electric power requirements of cl;lrrent and advanced 
space conditioning systems. The FY 1986 activities 
concentrated on developing simplified bin methods 
of analyzing the performance of ventilation-mode 
desiccant and advanced absorption cooling systems, 
and on improvements in system performance 
possible through the use of indirect and regenerative 
evaporative cooling subsystems. 



Active Solar Cooling* 

M. Wahlig, J. Rasson, M. Warren, P.L. Chen, and 
I. Parmaksizoglu 

The purpose of this project is to make major 
contributions to the technology base necessary for 
solar energy to become a viable option for the cool
ing of buildings. This project has two major tasks: 
(I) research on improved absorption cycles for high
efficiency active solar cooling and heating systems 
and (2) systems analysis of active solar cooling and 
heating systems to establish operating requirements, 
research needs, and thermal performance of current 
and advanced space conditioning systems. 

Absorption Chiller Research 

The objective of the research on absorption-cycle 
chillers is to achieve a significantly higher conversion 
efficiency than is possible in other approaches to 
solar cooling and heating of buildings. Being essen
tially heat pumps, absorption-cycle chillers can be 
used for heating as well as cooling if the refrigerant 
fluid does not freeze in the outdoor coil during heat
ing applications. We restrict our fluid choices to 
those for which this heating option is available. 

The absorption-cycle research program consists 
of four phases, each successive phase leading closer 
to the final machine. The first phase was success
fully completed some time ago. 1 By modifying a 
conventional gas-fired ammonia-water absorption 
chiller, we demonstrated the capability of our 
analysis techniques to predict accurately the perfor
mance of single-effect (i.e., single-stage) absorption
cycle chillers under operating conditions appropriate 
for solar-powered cooling. 

In the second phase, a completely new solar
dri ven single-effect chiller was designed, fabricated, 
and tested, using the experience gained during the 
first phase. This new ammonia-water chiller had 
several unique features for recouping thermal and 
mechanical energy. The second phase was success
fully completed2 in FY 1982. 

In the present, third phase, we are investigating 
the performance improvement obtained by adding a 
unique second stage to the single-effect chiller tested 
in the second phase. The concept of the resulting 
double-effect regenerative cycle (or cycle 2R)has 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Solar Heat Technologies, 
Solar Buildings Technology Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098. 
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been described previously. 3 Basically, with the addi
tion of the second stage, the overall chiller efficiency 
increases continuously as a function of the inlet tem
perature from the solar collectors. This 2R chiller 
has been designed,4 fabricated, and assembled; the 
debugging and testing was started in FY 1983 and 
was successfully completed in FY 1985. The 
analysis, evaluation, and first publication of the 
experimental results occurred during FY 1986. 

In the fourth phase, it was planned to investigate 
an extension of the regenerative absorption technol
ogy - to a cycle that should yield a still higher effi
ciency while requiring less heat-exchanger area, for 
potentially a lower cost. The basic concept of this 
single-effect regenerative cycle (which we call cycle 
1 R) has also been described previously. 5 The proba
bility of successful development of the cycle 1 R 
chiller has been greatly enhanced by our successful 
experience in developing the cycle 2R chiller. How
ever, budget reductions in the solar cooling program 
may preclude the development of the cycle 1 R 
chiller as originally planned. 

Systems Analysis 

The objectives of the systems analysis activities 
are: (I) to perform systems simulation and analysis 
of active solar absorption and desiccant 
cooling/heating systems to establish the operating 
requirements and thermal performance of current 
and advanced space conditioning systems; (2) to 
develop methods to analyze different cooling systems 
in a common comparative framework; and (3) to 
evaluate by computer simulation the impact of sys
tem controls and control strategies on annual energy 
savings of advanced solar-driven heating, ventilating, 
and air conditioning systems. 

ACCOMPLISHMENTS DURING FY 1986 

Absorption Chiller Research 

The analysis and evaluation of the experimental 
results of testing the 2R chiller were completed in 
FY 1986. 

The 2R chiller is a double-effect, regenerative 
absorption chiller/heat pump. Ammonia-water is 
used as the refrigerant-absorbent working fluid pair. 
The 2R heat pump consists of two stages, as shown 
in Figure 1 on an ammonia-water Pressure
Concentration-Temperature (PXT) diagram for 
cooling-mode operation. In the first, higher tempera
ture stage, the boiler element is driven by the heat 
source (such as solar collectors) at a temperature 
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Figure 1. Schematic diagram of 2R absorption heat 
pump cycle on a pressure-concentration-temperature 
diagram for the ammonia-water working fluid pair. (XBL 
871-155) 

ranging from 170 F to 260 F. The resorber element 
rejects heat at about 170 F to the second stage. The 
boiling and the resorption are nearly constant tem
perature, multi-pressure processes. Each pressure 
step in the boiling process is connected to an equal 
pressure step in the resorption process through vapor 
feed lines. 

The second, lower temperature stage of the 2R 
heat pump is a conventional single-effect absorption 
cycle. Its generator element, as shown in Figure I, is 
driven by heat rejected from the first-stage resorber 
at a temperature of about 170 F. The high-pressure 
refrigerant vapor produced by. both stages is con
densed in the common (to both stages) condenser. 
The refrigerant passes through an expansion valve 
into the common evaporator, in which the refri
gerant vaporization produces the cooling effect. 

The important characteristic of this 2R cycle is 
that its COP is predicted analytically to increase con
tinuously with temperature, at about 55% of the 
theoretically maximum Carnot efficiency, which is 
given by: 

COPCarno\ = (TB-To)/(TB+459)*(TE+459)/(Tc:-Td, 

where T B' T C' an9 TEare the boiler, condenser, and 
evaporator temperatures in of. TO is the saturation 
temperature of the solution leaving the second-stage 
absorber. 

The 2R heat pump experimental unit had a 
nominal capacity of 3 tons. The first, regenerative 
stage consisted of seven boiling and resorption steps. 
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The unit was operated in a controlled manner over a 
broad range of temperature conditions, using the 
capabilities of the LBL absorption heat pump test 
facility. 

Highlights of the experimental test results6 are 
shown in Figures 2 and 3. Figure 2 shows that the 
experimentally measured cooling COP is approxi
mately 55% of the ideal Carnot COP, as predicted, 
over a wide range of operating temperature condi
tions. In fact, the overall agreement between experi
mentally measured and theoretically calculated COP 
~alues, over the full range of operating conditions, is 
remarkably good, as shown in Figure 3. This good 
agreement lends confidence to the analytical 
methods used to predict the performance of regen
erative absorption heat pump cycles. 

The successful completion of this 2R-chiller 
phase of the work bodes well for the future develop
ment of yet higher efficiency regenerative-cycle 
absorption heat pumps, such as the cycle I R design 
and its variations. 

A parallel activity during FY 1986 consisted of 
the continuation of the joint U.S.jIsrael project on 
modeling high efficiency, advanced absorption 
cycles. In the U.S., LBL is pursuing the application 
of powerful, well-developed, public-domain chemical 
process flowsheet computer programs, such as 
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ASPEN (Advanced System for Process Engineering), 
to the solution of complex absorption cycles. In 
Israel, Gershon Grossman's group at the Technion is 
extending the capabilities of his previously 
developed absorption-cycle simulation code to 
undertake the modeling of open-cycle absorption sys
tems. 

In FY 1986, LBL first tested ASPEN's ability to 
solve closed-loop refrigeration systems, a capability 
that was in question because of unsuccessful solution 
attempts by other research groups; We successfully 
modeled and solved a simple closed-loop cooling 

'system, using component subroutines already in 
ASPEN. 

Next, mathematical models of absorption com
ponents were prepared and added to ASPEN, along 
with data on properties of absorption fluids. With 
the assistance of a consulting firm (Jay S. Dweck 
Co.) experienced in the use of ASPEN, necessary 
changes to fluid property relationships were made, 
convergence problems were identified and solved, 
and single-effect absorption cycles were simulated 
successfully. 

This was followed by the detailed modeling and 
simulation of the 2R heat pump, achieving an 
important milestone in the capability to model com
plex advanced absorption cycles. The simulation 
results indicated that the simplified mathematical 
model of the 2R heat pump that we have been using 

for years is indeed an adequate method to estimate 
the performance of this regenerative-cycle heat 
pump. 

Systems Analysis 

In FY 1986 work has continued on comparing 
the performance of desiccant and advanced absorp
tion cooling systems. To the extent possible, all 
cooling systems take advantage of the ability to reject 
heat directly to the atmosphere. Desiccant systems 
obtain their cooling effect from evaporative cooling 
and heat exchange. Advanced cycle desiccant sys
tems have improved heat rejection capabilities. 
Advanced absorption cooling technology offers the 
possibility of chillers with thermal COP's of 1.55 or 
greater at design conditions. When evaporative cool
ing and heat exchange components are added, the 
performance of an advanced absorption cooling sys
tems are further enhanced. 

A bin method of analysis developed in FY 1985 
to evaluate the impact of indirect and regenerative 
evaporative cooling on reducing cooling loads for 
active solar cooling systems 7 has been extended to 
carefully model the air-side transport and delivery 
system for a commercial building. Detailed informa
tion' is needed to model advanced HV AC systems 
that differ from the simple cooling coil and econom
izer configuration. Our approach has been to use a 
standard DOE-2.1 C simulation of a commercial 
building to develop the cooling load information. 
The building chosen for study is a medium-sized, 
50,000 ft2 (465 m2), commercial office building8 

which has been simulated using Weather Year for 
Energy Computation (WYEC) data in five cities: 
Micimi; Atlanta, Fort Worth, Phoenix, and Washing
ton, . DC. Hourly reports are generated with the 

. defalted'information. . . . . 
. Two computer programs have been developed as 

post-processor programs for the DOE-2.1 C hourly 
reports. A program, CLEAN, reads' the . hourly 

. reports file, ignores irrelevant information, and 
writes a data file containing two lines of identifying 
information and one line of data for each hour. 
Because of the number of data fields, the hourly 
report generator produces three pages of 'data for 
each day and three data files are produced. These 
files are theri binned to give the mechanical system 
conditions that must be met to simulate the cooling 
system. The program NEWBINS reads the three data 
files, compiles bin statistics, and writes a summary 
report presenting bin tables for different variables. 

. NEWBINS produces a bin summary file that 'con
tains one line of data for each temperature and 
humidity bin. The temperature bins are in incre-
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ments of 5 C. The humidity ratio bins are in incre
ments of 0.0002 above 0.0007 kg/kg-air. 

The bin summary file contains: the number of 
hours of system operation at that bin; the average 
barometric pressure; the average temperature and 
humidity ratio of the cold supply air, the heating 
supply air, and the return air; the total volume of 
supply air, outdoor air, cold supply air, and return 
air; the supply and return fan power; the total build
ing electrical use; and the average hourly cooling coil 
load. The annual operating conditions for the build
ing are then summarized in a single table of data 
that will fit on one page. Bin summary files can be 
developed for any building that can be modeled 
using DOE-2.IC for any city with available weather 
files. 

A computer program, BINSYS, has been 
developed and is used to model the operation of 
advanced HV AC systems for each temperature and 
humidity bin, to summarize the total energy use for 
that bin, and to calculate the annual energy and 
water consumption. BINSYS is an executive pro
gram that reads the bin summary file, calls other 
routines to calculate the performance at those condi
tions, and summarizes and prints out the results. 
The actual system modeling is done in subroutines 
that calculate the psychrometric state of the air 
stream at each point in the cycle by calling com
ponent subroutines from a library, and by iterating 
the cycle calculation as necessary to achieve conver
gence. Advanced HV AC systems are modeled using 
heat exchangers, evaporative coolers, economizers 
(dampers), one or more cooling coils, solid desiccant 
wheels, liquid desiccant dehumidifiers, chillers, etc. 
As component models are improved the simulation 
can be rerun easily. The modular nature of the pro
gram makes it straightforward to model additional 
cycles, by calling the components and setting up 
iteration as needed. The program is still under 
development. 

Other solar system analyses in FY 1986 included 
TRNSYS simulation of the energy performance of 
advanced absorption cooling systems,9 evaluation of 
the performance of solar thermal storage options,IO·11 
a'nd cooling cost requirements. 12 Analysis techniques 
developed for active solar cooling systems have been 
applied to conventional HV AC systems as well. 
There is widespread interest in thermal energy 
storage with ice or chilled water for utility peak 
demand avoidance. Using the same cooling loads 
generated for our solar analysis, the annual perfor
mance of a thermal storage system was modeled on 
an hourly basis. Results 13 show that the method of 
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operation and control of these systems will have a 
significant impact on the value of the system to both 
the customer and the utility. Technology advances in 
variable motor speed drives have generated signifi
cant interest in variable speed fan operation. Using 
the fan volume data from previous simulations, it is 
possible to determine the number of hours that the 
fan delivers different volumes. Analysis was done 14 

to show that significant fan energy savings can result 
from application of variable speed drives. 

PLANNED ACTIVITIES FOR FY 1987 

Absorption Chiller Research 

The final report on the 2R chiller program will 
be completed, reviewed, and published. Because of 
funding reductions in the DOE solar cooling pro
gram, it is unlikely that development of the I R 
absorption chiller, the previously planned next phase 
of the chiller research, will proceed. Other avenues 
will be explored to continue this development, prob
.ably concentrating on gas-driven variations of the 
I R-cycle technology. The predicted efficiencies of 
these cycles substantially exceed those of all other 
proposed advanced-cycle absorption heat pumps. 

Work on the modeling and simulation of 
advanced absorption cycles will continue, as part of 
the U.S./Israel joint project. The ASPEN computer 
program will be used to study the sensitivity of 2R 
cycle performance to variations in major design 
parameters, such as flow distribution, operating tem
peratures, and number of pressure stages. Thus the 
suitability of ASPEN for use as a design optimization 
tool for absorption cycles will be determined. In 
addition, the capabilities of ASPEN will be eX,panded 
to the simulation of higher performance and more 
complex absorption cycles, including the I R cycle 
and its variations. 

Systems Analysis 

Comparative analysis of the performance of 
advanced absorption and desiccant solar cooling sys
tems will continue during FY 1987. The program 
BINSYS will be refined and applied to: (1) evaluat
ing the impact of indirect and regenerative evapora
tive cooling on reducing cooling system loads; 
(2) comparing advanced absorption and ventilation
mode desiccant systems with electrically driven 
vapor compression chillers; and (3)evaluating the 
operation of advanced desiccant cooling systems that 
incorporate regenerative evaporative cooling. 
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Passive Solar Buildings Program* 

R. C. Kammerud, H. Akbari, B. Andersson, 
B. Birdsall, w.L. Carroll, J.P. Coutier, J. W. Place, 
and K. Whitley 

The amount of conventional fuel used to heat, 
cool, and light buildings is determined by (1) the 
interaction of the building with its environment, 
(2) the thermal gains associated with the activities 
occurring within the structure, (3)the thermal 
storage characteristics of the building, and (4) the 
operating characteristics o( the equipment used to 
convert conventional fuels to end-use energy. Tradi
tionally, the building design process has not ade
quately accounted for the combined influence of 
these four factors on building energy consumption. 
To do so requires that the designer have access to 
techniques for properly controlling the interactions 
of the building with the environment and for manag
ing the energy flow within the structure. 

Passive heating, cooling, and lighting strategies 
integrate the energy control and management 
schemes into the building design. The design param
eters are selected so that they enhance and control 
the coupling of the building to the environment, 
thereby reducing the requirements for auxiliary heat
ing, cooling, and lighting energy. In this context, the 
Passive Program at Lawrence Berkeley Laboratory is 
directed at theoretical and experimental investiga
tions of the energy performance implications of pas
sive design strategies, with emphases on natural 
lighting and passive and hybrid cooling of commer
cial buildings. The specific objectives of the program 
are the following: 

(I) Develop analytic descriptions of the energy 
processes that occur within a building and 
between a building and the environment. 

(2) Evaluate the effectiveness of passive sys
tems in reducing energy consumption for 
space heating, space cooling, and lighting. 

(3) Develop techniques for integrating effec-
tive passive technologies into conventional 
building systems and structures. 

(4) Develop appropriate design tools as a 
mechanism for transferring newly gained 
knowledge on passive technologies to seg
ments of the design and building commun
ities. 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Solar Heat Technologies, 
Solar Buildings Technology Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098. 
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The strategy used to meet these objectives con
sists of coordinated experimental and theoretical 
tasks leading to advanced energy analysis capabilities 
that can be used in passive system design and 
evaluation. The emphasis to date has been on 
improving our understanding of how energy is 
transferred within passive buildings, how that relates 
to energy savings exhibited by existing passive build
ings, and how future passive systems can be 
integrated with the structure, mechanical systems, 
and functional requirements of buildings to improve 
their energy, functional, and economic performance. 
Accomplishments and plans in each of these areas 
are described below. 

ACCOMPLISHMENTS DURING FY 1986 

Natural Lighting 

A great deal of research has been done within 
this program over the past several years to character
ize and refine a variety of roof aperture daylighting 
systems. Roof apertures are valuable sources of day
light because of their ability to provide daylight 
evenly distributed throughout a space with a 
minimum of interference with view glazing, their 
potential for effective use with aperture controls, and 
the possibilities for integration with other building 
elements. 

This work has taken the form of experimental 
projects,I,2 parametric computer simulation stu
dies,3,4,5 system designs,6 and investigation of 
integration issues.7,8,9,IO During FY86, much of this 
information has been gathered and organized into a 
design tool for designers with various levels of exper
tise. 

The design tool resulting from this work is in the 
form of a manual, consisting of three major sections. 
The sections of greatest interest will depend on the 
expertise of the designer using the tool. The first 
section deals with the fundamental nature of light, 
including spectral components, the response of the 
eye to light, and different means of gauging the per
formance of a lighting environment, from both 
energy and visual standpoints. This section will be 
used by those interested in daylighting, but who lack 
some of the fundamental information on the way 
light is used and perceived. 

The second section describes general daylighting 
characteristics and the application of those charac- . 
teristics to roof aperture daylighting systems. Tech
niques for dealing with both beam and diffuse light 
are discussed, effects of aperture orientation and tilt 
are evaluated, and methods for system evaluation 



are described. Design guidelines for roof aperture 
systems, based on both energy and functional issues, 
are presented. 

The final section deals with the most difficult 
aspect of roof aperture system design, integration of 
the daylighting design with other building systems. 
Integration of daylighting with electric lighting sys
tems, structural systems, HV AC design and layout, 
electrical distribution networks, and passive heating 
and cooling techniques are all discussed. Sample 
integrated solutions using wood, -steel, and concrete 
building techniques are given. 

Passive Cooling Systems 

Building on earlier work that assessed the rela
tive potential of various passive and hybrid cooling 
technologies to reduce energy use in office buildings, 
work this year has concentrated on the benefits of 
simultaneous use of structural thermal mass in con
junction with several heat removal strategies, such as 
night ventilation and thermal radiation to the sky. 

Simulation-based studies showed that when a 
10,000 ft2 office building has its structure modified 
to include the maximum practicable amount of ther
mal mass compared to a typical current-practice 
design (primarily partitions and roof), in over half of 
the U.S. climates analyzed the added thermal mass 
alone not only did not significantly decrease cooling 
energy consumption, but actually raised it somewhat 
(see Fig. I). 

When a night ventilation cooling strategy is also 
assumed to be operating in the building, the picture 
changes dramatically. As seen in Figure 2, the cool
ing requirements in almost all climates are reduced 
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Figure 1. Comparison of annual cooling coil require
ments for a typical small office building constructed with 
and without internal structural thermal mass, across a wide 
range ofU. S. climates. (XBL 871-137) 
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Figure 2. Comparison of annual cooling coil require
ments for a typical small office building constructed with 
varying amounts of internal structural thermal mass, where 
night ventilation is also used to cool the building. (XBL 
871-138) 

below that of the low-mass building as thermal mass 
levels are increased, thus indicating that some com
bination of the two strategies is more desirable than 
either singly. However, using the highest possible 
mass levels in conjunction with ventilation may not 
always lead to the greatest energy savings in all cli
mates. Figures 3 and 4 indicate some of the com
plexity introduced by climate variations, by showing 
detailed monthly breakdowns of the cooling require
ments for Los Angeles and Phoenix, respectively. In 
the mild Los Angeles climate, which exhibits relative 
constancy throughout the year, significant cooling 
reductions are achieved in every month, and con
tinue to increase as the mass levels are increased. In 
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Figure 3. Detailed monthly cooling coil energy require
ment breakdown for the Los Angeles analyses summarized 
in Figure 2. (XBL 871-139) 
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Figure 4. Detailed monthly cooling coil energy require
ment breakdown for the Phoenix analyses summarized in 
Figure 2. (XBL 871-140) 

contrast, the Phoenix climate shows far wider sea
sonal variations, with the greatest cooling reductions 
in the spring and autumn months; moreover, sum
mer cooling requirements stop decreasing and can 
even increase when mass levels become too great. 
The difference in performance for the two cities can 
be traced to the number of hours (both as a function 
of the time of year and time of day) that outside 
ambient temperatures are within the comfort band. 

Building OptimIzation 

A whole-building optimization method has been 
developed that is applicable to conduction
dominated buildings and that simultaneously optim
izes selected building thermal integrity and equip
ment efficiency parameters, using life-cycle cost as 
the optimization criterion. I I The method is numeri
cal and embeds a fast but accurate simplified energy 
simulation model, together with a cost estimation 
algorithm, into commercially available general non
linear optimization software. In general, the life
cycle-cost objective function used as the optimiza
tion criterion is a nonlinear function of its argu
ments. Further, while the objective function is con
tinuous, closed-form expressions for the first and 
second partial derivatives are not available, and have 
to be determined numerically. Aside from range 
constraints on the optimization parameters that keep 
them within physically meaningful limits, the optim
ization itself can be either constrained or uncon
strained. For constrained optimization, the numeri
cal methodology has been developed to allow for 
either initial-cost or energy-consumption constraints 
(which are in general nonlinear functions of the 
optimization parameters). 
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Exploitation of the specific form of the life
cycle-cost objective function for buildings led to the 
formulation of a concept termed the "Conservation 
Index," a ratio indicating the importance of annual 
operating costs relative to initial costs. The objective 
function can be expressed in a simple way in terms 
of the initial cost, the annual operating cost, and the 
Conservation Index. It also turns out that any 
specific economic scenario can be expressed simply 
as a particular equivalent Conservation Index value. 
Thus, unconstrained optima can be systematically 
precalculated for a wide range of Conservation Index 
values, and the correct optimal building configura
tion for a specific economic scenario subsequently 
determined by simply calculating its corresponding 
Conservation Index. It is also possible to show that 
for the particular form of the life-cycle-cost objective 
function for buildings, constrained optimum confi
gurations can be related in a simple way to the 
unconstrained optima through the Conservation 
Index. Thus, there is no need to calculate them 
using a separate procedure once the unconstrained 
optima have been determined. 

An example of the kind of information that can 
be generated with this method is shown in Figure 5, 
which shows constrained optimal configurations and 
related building energy performance for a typical 
residence as a function of incremental first cost rela
tive to a "minimally performing" building, assuming 
national average utility costs and New York City 
weather. In general, there is a wide range of uses for 
a building life-cycle-cost optimization methodology, 
which in the aggregate can result in information that 
has a significant potential for increases in economic 
efficiency and in reductions in energy consumption, 
and can also provide specific evaluation mechanisms 
that could greatly increase the ease and feasibility of 
implementing policies that would lead to actual reali
zation of the potential for savings. Specifically, some 
of these uses are: 

• To identify optimal configurations for the 
design community, and thus ways of 
designing buildings that meet' or exceed the 
energy budget requirements of standards. 

• To provide information to designers 
regarding the best way of optimally allocat
ing costs to various design features in 
order to achieve prescribed performance 
levels. 

• To provide design trade-off mechanisms 
that maintain optimality. 

• To provide information for the develop
ment of energy standards (of both the 
prescriptive and performance types), and 
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Figure 5. Plots of initial-cost-constrained optimal configurations as a function of the incremental 
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configuration. (XBL 871-141) 
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mechanisms for evaluating the impact of 
their implementation. 

• To provide a rational, quantitative 
mechanism for evaluating economic ineffi
ciency resulting from non-optimal current 
design practices. 

• To provide ways of rationally building 
flexibility into building energy standards. 

• To identify new design and/or construction 
techniques and related new products not 
currently available that need to be 
developed or marketed in order to build 
optimally designed buildings. 

• To provide rational, quantitative mechan
isms to determine what types and 
corresponding levels of incentives are justi
fied to encourage new building designs and 
new product development. 

PLANNED ACTIVITIES FOR FY 1987 

Natural Lighting 

The design tool will be extended, based on new 
information and existing work not yet incorporated 
into the current document. In addition, alternative 
f~rms of presentation to the designers will be investi
gated in order to identify the most effective methods 
for transfer of the information and concepts of roof 
aperture daylighting system design. Forms which 
will be investigated are hard copy manuals, algo
rithmic calculations for design and evaluation, and 
knowledge-based computer system (expert system) 
modules. 

Passive Cooling Systems 

This project will broaden its focus from strictly 
energy consumption performance of nonresidential 
buildings to the characterization of electricity 
demand profiles, including relationships between 
peak loads and weather, operating strategies, and 
building design. This information will be used to 
identify novel HV AC system design modifications, 
particularly integration with passive cooling stra
tegies such· as ventilation and thermal mass, that can 
provide desirable changes in the size and shape of 
the building demand profile. 

Building Optimization 

No FY 1987 activities in this area are planned at 
this time. 
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Daylighting Performance Evaluation 
Methodology Development* 

B. Andersson, w.L. Carroll, B. Erwine, 
R.J. Hitchcock, R.C. Kammerud, J. W. Place, and 
K. Whitley 

Daylighting is an increasingly popular form of 
solar utilization for energy conservation in buildings. 
In the near term, as energy prices have stabilized, 
and the perception of an energy crisis has receded, 
the use of passive techniques has become more 
dependent on the impact of the technologies on the 
architecture and occupants. Because of daylighting's 
potential for a positive contribution to the apprecia
tion and enjoyment of buildings, it is expected that 
daylighting will become an even more important ele
ment in passive building applications than it is now. 

In daylighting applications, indeed in any passive 
building, it is important to evaluate the success of 
the application in terms of energy savings, economic 
impact, architectural effects, and occupant response. 
In this methodology development, which is part of 
the DOE Solar Federal Buildings Program, investiga
tions will be limited to daylighting's impact on 
energy savings. A methodology for determining 
energy savings due to solar heating and cooling tech
nologies is being developed by the Solar Energy 
Research Institute (SERI) in parallel with this effort. 
Functional, economic, and environmental evaluation 
methodology development is planned for later 
research efforts. 

This methodology development will provide a 
straightforward, reasonably simple, documented 
means of daylighting evaluation for the building 
owner, designer, or researcher. In order to avoid 
protracted monitoring and data manipulation, the 
method will rely on a relatively limited set of meas
ured data, both in terms of the number of quantities 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Solar Heat Technologies, 
Solar Buildings Technology Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098. 

II. Carroll, W.L. (1986), Energy and Economic 
Optimization of Conduction-Dominated Build
ings, Ph.D. Thesis, Univ. of California at 
Berkeley, April 1986 (unpublished). 

measured and the length of time the data is col-
"lected. The measured data will be compared to more 
detailed, varied, and extensive data from simulation 
of the daylighting configuration, from which the 
energy savings performance of the daylighting system 
can be determined for a full year. 

In short, the planned procedure can be summar
ized as using (I) detailed simulation of the daylight
ing system, plus (2) specific short-term measure
ments to adjust the simulation, to provide a realistic 
estimate of the long-term energy savings. The 
evaluation technique is expected to be usable at the 
energy consultant/engineering level. However, the 
techniques will be developed such that an interested 
and informed practitioner should be able to apply 
them effectively. 

ACCOMPLISHMENTS DURING FY 1986 

The methodology development has been planned 
as a two-year project, in two phases: 

• Phase I: Development of a technique for 
evaluation of day lighting performance in 
comparison to a nondaylit building. The 
technique is presented as a set of pro
cedures for measurement, analysis, adjust
ment, and evaluation of the daylighting 
performance. 
Phase II: The techniques identified in 
Phase I are given practical form for the 
direct utilization of the evaluation metho
dology. The method will also be demon
strated in a full-scale application. 

1986 has seen the. completion of Phase I, develop
ment of the evaluation methodology. The basic 
technical approach is to track a sequence of depen
dent characteristics. There are three primary charac
terizations to be made, illustrated diagrammatically 
in Figure I. The first is the solar resource; the char
acterization must have sufficient detail (intensity, 
spectrum, direction) to allow determination of its 
incidence on the daylighting glazing and its charac
teristics as it passes through the daylighting confi
guration. The second is the interior illumination; 
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1 - Solar Radiation 
2 - Interior Illumination 
3 - Lighting Electric Use 

A - Radiation -> Illumination 
B - Illumination -> Electric Use 

Figure 1. Key components and relationships in the day
lighting evaluation methodology. (XBL 871-136) 

the characterization must include information (inten
sity, distribution) that allows determination of its 
suitability for the tasks and standards in the space. 
The third is electric lighting response to the daylight
ing. In this case the characterization must be 
integrated over time and distributed over time and 
location. 

The ability to make reliable predictions of the 
daylighting performance is dependent upon accurate 
characterization of the two key relationships: interior 
illumination as a function of the solar resource and 
the daylighting configuration (see A in Fig. I); and 
electric lighting energy use as a function of the inte
rior illumination and control of the lights (B). If an 
understanding of these relationships can be provided 
by observing the building for a short time, then a 
long-term prediction of effectiveness can be made, 
using a detailed daylighting performance model cali
brated to the measurements of the actual building. 
Three types of measurements at the building will be 
used to adjust the simulation models developed for 
the building: exterior solar radiation, interior illumi
nation, and electric lighting use. These data will be 
used to determine (1) interior illumination response 
to solar radiation, and (2) lighting control response 
to interior illumination, both under actual operating 
conditions. With this information, both the model 
which results in illumination levels under varied sky 
conditions and the model which results in electric 
lighting use predictions can be adjusted to properly 
represent the actual conditions and operation of the 
building, as shown schematically in Figure 2. 

In order to support and test the daylighting per
formance methodology development, a test building 
was instrumented. The Clarklift West maintenance 
facility is part of a lighting controls evaluation pro
ject of the Sacramento Municipal Utility District 
(SMUD). The electric use monitors installed by 
SMUD were supplemented by interior photometric 
measurements and exterior solar radiation measure
ments. The data has been collected and reviewed, 
and a subset of that data will be used in exercising 
the candidate computer simulation models during 
Phase II. 

Computer simulation will form the basis of both 
the illumination model and the electric lighting con
trol model. Because of the adjustment made during 
calibration with actual building data, the simulations 
need not be so complex that they predict each hour's 
activities with high precision. As long as the simula
tions give a reasonably consistent interpretation of 
how the results respond to the forces driving them, 
the calibration will pick up the variations due to 
building and operation anomalies. 

An existing public domain program, either 
. DOE-2.1 B or SUPERLITE, will be selected as the 
basic illumination model. The DOE-2.1 B illumina
tion prediction model is based on validated algo
rithms and has been tested against measured data. 
The same is true of the SUPERLITE illumination 
model. Still, like any models, the programs have 
limitations in terms of the range of aperture 
geometries, glazing materials, light diffusion, and 
aperture controls that can be simulated and that 
have been validated. In order to calibrate the illumi
nation model to reduce inaccuracies, the degree of 
error will be determined with respect to sensor loca
tion, time of day, and the character of the solar 
resource. 

PLANNED ACTIVITIES FOR FY 1987 

Phase II will be completed in FY87. There will 
be two major thrusts to that work. One is the instru
mentation and analysis of a full-scale nonresidential 
building in order to test, refine, and demonstrate the 
methodology. This will be carried out in collabora
tion with the Energy Performance Assessment pro
gram in the United Kingdom as part of a bilateral 
agreement. The second part of the work will be to 
translate the methodology into a set of microcom
puter software for direct application of the methodol
ogy by practitioners. 
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2A SOLAR RESOURCE I INTERIOR ILLUMINATION MODEL 
FOR DAYLIGHnNG CONFiGURATIoN IRD 

REFERENCE POINTS SIMlL.AR TO THE ACTUA.L IUILDING 

Figure 2. Flow chart of full daylighting evaluation methodology. (XBL 871-142) 
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Institutional Conservation Program 
Evaluation Project* 

R.C. Kammerud, B. Birdsall, WL Carroll, 
B. Gardiner, B. Hatfield, B. Lebot, J. Noring, and 
E. Vine 

The Institutional Conservation Program (ICP) 
was enacted by Congress in 1978 to provide match
ing grants to nonprofit hospitals, elementary and 
secondary schools, and colleges and universities for 
energy conservation actions. ICP was considered 
necessary because nonprofit institutions are less able 
to budget money for the capital equipment and per
sonnel time required for an energy-saving program 
than are businesses. The grants are used to fund 
energy audits, technical analyses, and installation of 
energy conservation measures (ECMs). 

Recently Congress mandated an evaluation of 
ICP. The Building Systems Analysis Group at LBL, 
in collaboration with Argonne National Laboratory, 
was chosen to carry out this project. The overall 
goal of the evaluation project is to identify the most 
successful measures-both equipment and 
activities-available to the institutional buildings 
sector. The researchers have identified four objec
tives to achieve this goal: 
(1) Determine the impact of ICP in fostering 

energy efficiency and in saving energy. 
(2) Determine key characteristics of institutional 

conservation efforts outside the federal pro
gram. 

(3) Determine the technical, organizational, and 
institutional conditions that create the oppor
tunity for energy conservation measures to be 
most effective. 

(4) Identify key technology transfer opportunities. 

These objectives emphasize two Closely related, 
underlying thrusts of the evaluation project, one 
retrospective and the other prospective. Accom
plishing the first two objectives will provide a retros
pective evaluation of ICP. The thrust of this work is 
towards examination of (1) energy use data and (2) 
non federal expenditures on ECMs that have resulted 
from increased awareness of energy conservation 

* This research was supported by the Assistant Secretary for Con
servation and Renewable Energy, State and Local Assistance Pro
grams, Office of Building Efficiency Programs, Institutional Con
servation Program Division, of the U.S. Department of Energy 
under Contract No. DE-AC03-76SF00098. 
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potentials engendered by ICP. Through the third 
and fourth objectives, we hope to understand what 
makes a program successful and how to disseminate 
this information. These latter two objectives there
fore are prospective and serve as a guide for future 
conservation efforts. 

ACCOMPLISHMENTS DURING FY 1986 

Review of Existing Data 

GTS Data 

An analysis of data already reported (existing 
data) neared completion at the end of FY 1986. The 
Grant Tracking System (GTS) data base, the primary 
source of information about ICP grants and grantees, 
includes technical and administrative information. 
The GTS data analysis allowed examination of (1) 
ICP penetration by subsector (hospitals, colleges, and 
schools), by geographic region, and by the degree of 
urbanization of the institutions' locations; and (2) 
distribution of funds by subsector, by type of grant 
(for technical assistance or energy conservation 
measures), and by unit of people affected (total 
population, students, or patient capacity). Some key 
findings of the GTS analysis follow. 

• There has been significant penetration by ICP: 
37.2% for colleges (1231 out of a possible 3313 
colleges have received grants), 26.3% for hospitals 
(1826 out of 6950), and 28% for public school dis
tricts. 

• There is a relatively strong regional bias in the 
penetration (higher in the northeast and lower in 
the southwest), perhaps due in part to climate 
and/or to differences in the way ICP is operated 
in the different DOE regions. Figure 1 illustrates 
this finding for hospitals. 

• In recent years, more than half of the grants for 
colleges and hospitals have been awarded to insti
tutions that received grants in previous years. 
Strategic actions that would decrease the fraction 
of grants going to past participants could substan
tially increase the rate of penetration, thereby 
increasing the energy savings attributable to 
federal expenditures. 

• Over its lifetime, ICP has invested approximately 
$0.62 in energy conservation in colleges for each 
person in the U.S., or about $20.21 for each full
time college student. For hospitals, ICP has 
invested about $0.74 for each person in the U.S., 
or about $130 per hospital bed. 



Figure 1. Percent of hospitals in each DOE region receiv
ing ICP grants. (XBB 871-849) 

Literature Search 

A literature search surveyed periodicals, techni
cal and trade journals, theses, and special interest 
reports. This analysis provides a basis for comparing 
institutions participating in ICP and those not parti
cipating in terms of (1) geographic location, (2) 
measures installed, (3) activities and funding from 
other than federal sources, and (4) energy savings 
and energy cost savings. The literature search also 
provides information on institutional and organiza
tional factors that influence the effectiveness of 
energy conservation programs, such as motivation 
for taking action and barriers to action. The key 
findings of the literature search are described below. 
• Half of the hospitals in the content analysis data 

base had taken significant actions without ICP 
funding. This could mean that penetration of 
energy conservation activities in the hospitals sub
sector is double the ICP penetration, or 50%. To 
what extent these actions resulted from awareness 
of ICP is an area we will examine in FY 1987. 

• In hospitals and colleges, there have been trends 
toward some ECMs and away from others. There 
is also evidence of a visible distinction between 
the two subsectors in the type of measure being 
installed most often. 

• Funding for energy conservation actions is seldom 
obtained by borrowing money; the extent to which 
this pattern is due to institutional or organiza
tional constraints cannot be determined from the 
available information. 

Energy Data 

Energy use data playa central role in the evalua
tion project, because one key indicator of success is 
energy savings. Energy use data are being examined 

to resolve three subsets of issues: energy saVIngs, 
quality of technical assistance audits (which 
predicted savings and recommended energy conser
vation measures), and persistence of energy savings. 
In 1986 energy data from Wisconsin schools and 
hospitals that have participated in ICP were 
analyzed. Key results are highlighted below. 
• Energy Performance: The preretrofit energy use of 

ICP participants in recent years is noticeably 
better than that of participants in earlier years of 
the program. The extent to which this reflects a 
general improvement in the performance of insti
tutional buildings (as compared with reflecting a 
bias in the sample) is a subject to be pursued dur
ing 1987. 

• Energy Savings: Our examination of Wisconsin's 
data base shows little correlation between the 
preretrofit predictions of the energy savings that 
would result from ECMs in schools and actual· 
energy savings determined from utility bill records 
(Fig. 2). While there are apt to be legitimate 
explanations for many of the differences in 
predicted and actual energy use, it is difficult to 
avoid the conclusion that uncertainties exist 
regarding the accuracy of the technical analyses 
performed before the retrofit. 

• Persistence of Energy Savings: Energy savings 
resulting from the installation of conservation 
measures are typically determined by comparing 
energy use from immediately before installation 
with that immediately following installation. Of 
comparable importance is maintaInIng the 
improved energy performance over the long term. 
Analysis of Wisconsin's ICP data shows per
sistence of energy savings, although there is some 
degradation in the third year. 
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Figure 2. Comparison of predicted and actual energy sav
ings for Wisconsin schools participating in ICP cycles I 
through 4. (XBL 871-263) 
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Collection of New Data 

The many issues that this evaluation encom
passes have required the collection and analysis of 
new data. We have begun developing extensive 
questionnaires for each of the three types of institu
tions taking part in ICP, which will be sent to hospi
tals, colleges, and schools that have not participated 
in ICP as well as to institutions that have. Informa
tion solicited includes motivation for pursuing 
energy conservation; decision-making processes 
within the organization; problems and successes with 
technology, management, funding; and occupancy 
comfort; and information abou~ t~e'-institution itself. 

", ... : , 

PLANNED ACTIVITIES FbRFY 1987 

During the 1987 fiscal year we will complete col
lection of data and then concentrate on analyzing it 
and attempting to answer questions raised by the 
analysis of existing data. The following text 
describes this future work in more detail. 

The questionnaires will reach their final form 
and be mailed to institutions across the country. We 
will analyze the responses for correlations between 
success of conservation programs and technical, 
organizational, and institutional characteristics. Fol
lowup telephone interviews will be made to collect 
more detailed information on energy use. 

Further analysis of the GTS data base will allow 
us to refine penetration rates. The rates presented in 
this article are based on a total population of institu
tions that is larger than the number of institutions 
actually eligible for ICP grants (buildings constructed 
after 1977 and for-profit hospitals are not eligible). 
The present figures also do not distinguish between 
ECM grants and technical assistance (T A) grants, nor 
do they account for individual schools, only for 
school districts. We will examine possible factors
climate, population distribution, and program opera
tion, for instance-that account for regional varia
tions in ICP participation and how participation is 
related to specific ECMs or groups of ECMs. And 
finally, the data will be examined for correlations at 
the state level, so that states can be compared in 
terms of heating degree days, rate of new construc
tion, and more definitive demographics. 

\ 
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Three techniques for estimating energy savings 
directly and indirectly attributable to ICP are under 
consideration. One or more of them will be pursued. 
The methods are alternatives to the direct measure
ment of the energy savings from all participants, 
which is impractical and suffers from many of the 
same complications as the alternatives. 

(1) Measure-specific method: If energy savings can 
be meaningfully attributed to individual meas
ures, then we can derive total energy savings 
from GTS records of ECMs funded through 
ICP. 

(2) Institution-specific method: Energy savings 
would be derived from T A estimates modified 
by correction factors that account for the 
observed differences between predicted and 
actual savings. 

(3) Subsector aggregation method: This method 
uses national energy use and building demo
graphic data to derive the energy savings 
without reference to individual buildings or 
measures. Existing historical data would be 
used with corrections for the changes in the 
building stock and its regional distribution. 

It is hoped that the evaluation project can contri
bute to fulfilling the need for objective criteria for 
evaluating technical analyses by examining the 
technical issues relating to the accuracy of analyses. 
Calculations in several T A reports will be compared 
with a benchmark computer program that predicts 
energy use by a whole-building calculation. The 
thrust here will not be to find errors or bad assump
tions in the analyses, but rather to identify the 
characteristics of analyses that are most representa
tive of reality as, evidenced by monitored data. One 
such characteristic that will receive close attention is 
the calculation methods used in the T A analyses. 
We also hope to discover what relationship exists 
between high-quality TA reports (e.g., those that are 
accurate and are useful as long-term guides for 
energy management) and institutional characteristics 
(such as an institution's size or location). 

The findings will be widely disseminated so that 
all hospitals, colleges, and schools can benefit from 
the experience of other institutions. 



Simulation Research* 

F.e. Winkelmann, B.E. Birdsall, w.F. Buhl, 
K.L. Ellington, A.E. Erdem, J.J. Hirsch, 
D.J. Hopkins, L.A. Leedom, and E.F. Sowelf 

The Simulation Research Group (SRG) has the 
long-term objective of providing the architectural, 
engineering, and research communities with software 
tools to assist in the design of significantly more 
energy-efficient and cost-effective buildings. The 
ongoing research of the SRG has two main focuses: 
(I) the development and maintenance of the 
current-generation benchmark program (DOE-2), and 
(2) advanced simulation, the development of the 
next generation of building performance calculation 
tools (the Energy Kernel System). 

As can be seen in Figure I, DOE-2 is composed 
of two major segments: the Building Description 
Language (BDL) processor, which accepts quasi
English descriptions of building components, and the 
LOADS, SYSTEMS, PLANT, and ECONOMICS 
(LSPE) processor, which uses building descriptions 
to simulate building energy performance. Details of 
the development and structure of the DOE-2 pro
gram are available in past annual reports and other 
published material. l - 18 

The main efforts in the advanced simulation 
area at this time are the creation of the Energy Ker
nel System (EKS) and the organization of the simula
tion development community to enhance collabora
tion. The kernel system has three main components: 
software primitives, including a component model 
library and simulation tools; a software harness to 
facilitate the construction of simulation programs by 
allowing general linkage of component models and 
support models; and a knowledge base which will 
contain the rules of simulation development and use 
so as to allow, at a future time, the construction of 
expert systems for building performance simulation. 
These three aspects of the kernel system will provide 
the basic tools and information to allow the SRG 
and other groups to develop the simulation programs 
of the future. They will also provide a mechanism 
to facilitate exchange of research results and technol
ogy advances, and a basis for integrating perfor-

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Building and Community 
Systems, Building Systems Division of the U.S. Dept. of Energy 
under Contract No. DE-AC03-76SF00098. 

tYisiting Industrial Scientist; Supported by the Div. of University 
and Industry Programs, Ofc. of Field Operation Mgmt., Office of 
Energy Research of the U.S. Dept. of Energy. 
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mance simulation into computer aided design (CAD) 
and expert system software. 

ACCOMPLISHMENTS DURING FY 1986 

DOE-2 

The SRG maintains a research effort that contin
ues to develop new versions of DOE-2. This ongo
ing research is divided into three parts: (1) the intro
duction of algorithm description techniques into the 
code; (2) the modeling of building envelope com
ponents and systems; and (3) the simulation of 
HV AC equipment and associated control systems. 
The next version of the program, DOE-2.1 D, is 
scheduled for release to the public in 1987. Its major 
new features are described below. 

User Defined Functions. Direct user interface 
with the operation of DOE-2 is currently possible in 
the LOADS section of the program through the use 
of the' FUNCTION command added during FY 
1985. . This feature allows direct modification, 
enhancement, or replacement of DOE-2 algorithms 
without requiring any manipulation of the computer 
code. Users can write their own algorithms in a 
FORTRAN-like language and place this information 
in their building description, along with information 
indicating how/where these new algorithms are to be 
used. This is a major step forward in allowing 
designers and researchers to "fine tune" the simula
tion program to their specific needs. In the past this 
was not feasible without a major investment of time. 
This capability has now been added to the SYS
TEMS portion of the program, which, for the first 
time, makes it possible for a user to add new HV AC 
simulation features such as innovative control 
schemes. 

Generalized Library. In the past it has only 
been possible to create libraries of materials, 
envelope constructions, and transfer functions. A 
new general library feature is being designed which 
will allow the users of DOE-2 to create custom 
libraries containing descriptions of any building 
component or system of components. This will 
allow definition of libraries containing data which 
might consist, for example, of standard operation 
schedules for different building types or of complex 
component descriptions. Even libraries of whole 
building descriptions can be created. This new 
library capability will greatly facilitate use of the pro
gram. 

Macro Definitions. This feature will allow the 
users of DOE-2 to define a parameter equal to an 
arbitrary string of characters. The defined string can 
contain other nested defined macros. This will allow 



DOE-2 

Figure 1. DOE-2 computer program configuration. (XBL 80 I 0-221 OB) 

complex building description sequences to be defined 
once and later referenced, thus shortening and sim
plifying the program input. This feature, combined 
with the general library feature, will greatly increase 
the power of the DOE-2 BDL input processor as ~ell 
as reduce the time and training required to descnbe 
a complicated building. 

Fenestration. The fenestration calculations are 
being upgraded to allow modeling of advanced win
dow systems and to improve the thermal and day
lighting simulation for windows with common but 
complex shading devices such as Venetian blinds. 

·California State University, Fullerton; University of Wisconsin; 
National Bureau of Standards; and the Solar Energy Research In
stitute 

t University of Strathc1yde, Scotland; University of Paris-South 
(CNRS), France; Chinese Academy of Sciences, Beijing, China; 
and Centre Scientifique et Technique du Batiment, France 

Advanced Simulation 

The Simulation Research Group and collaborat
ing institutions in the U.S.* and in other countriest 

have formulated a proposal for creating the software 
tools essential for the next generation of building 
energy simulation models. 19- 21 The intention of this 
project is not to develop a single new model but, 
instead, to provide a kernel system of highly ~ortab!e 
software modules and linking protocols WhICh WIll 
enable groups in the public and private sectors to 
construct a variety of customized programs. The 
work plan has been developed in the context of the 
following guiding principles: (1) Researchers develop
ing building performance simulation techniques can 
no longer afford to work as independent groups 
creating non-interchangeable software. Some 
mechanism must be found to give all developers 
access to the developments of others while retaining 
the flexibility to tailor a simulation system to indivi-
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dual needs. (2) As many energy sources become 
more expensive, and as improved efficiency techno
logies become more complex, designers of the future 
will be required to focus more critically on the inti
mate relationship between design and performance. 
This will require a quantum jump in the capability 
and accuracy of the energy simulation techniques 
then available. (3) The private sector of architectural 
and engineering firms, HV AC equipment manufac
turers, and CAD system vendors does not necessarily 
support the development of large public domain 
simulation codes. However, they will support 
developments of the kind proposed, which seek to 
create and order the building blocks of energy simu
lation. Private and public sector organizations can 
then use the resulting kernel system to construct cus
tomized simulation systems which embody an 
appropriate level of detail, offer wide-ranging appli
cation potential, and use the most up-to-date tech
niques. (4) Increasingly, energy simulation models 
will form part of a building's operating system, 
allowing controls to be optimized in real time before 
being applied to the building. (5) The building 
design profession will increasingly rely on advanced 
CAD software packages. As systems possessing a 
drafting function proliferate, a demand will grow for 
explicit performance appraisal software. Designers 
will then come to rely on simulation techniques to 
test alternative hypotheses throughout the design 
stages and after occupancy. Indeed, CAD system 
integration is perhaps the most effective mechanism 
for market penetration of advanced energy analysis 
systems. (6) It is likely that, with the advent of 
powerful, integrated CAD systems, the design profes
sion will seek to refine the building model and asso
ciated performance database beyond the construction 
phase. One possible scenario is that a client of the 
future will expect delivery of a computer-based 
model and performance database, in addition to the 
building itself. The information regarding building 
performance is then readily available for inspection. 
And, of course, the model can be used at any time as 
the basis for HV AC system maintenance, trouble 
shooting, and retrofits. 

Each of these factors calls for the existence of a 
modular approach to energy simulation and, it could 
be argued, would be badly served if only free
standing, monolithic programs continue to be 
developed. 

Proposed Workplan 

A model-creation system has been proposed 
which consists of three main elements: (1) a public
domain library of software primitives; (2) a software 
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harness, i.e., executive software for controlling how 
the primitives are linked into a modeling system, 
and (3) a knowledge base, which contains the rules 
for model construction. The system is schematically 
illustrated in Figure 2. The characteristics of these 
elements and the tasks required to construct them 
are as follows. 

(1) Software Primitives. Many useful models and 
techniques already exist within contemporary model
ing systems. And much additional software contin
ues to emerge as existing codes are extended or new 
developments pursued. The first task is to divide 
the useful, existing software into small, logically 
independent units called "software primitives," and 
place them within a central, public domain library. 
Each library entry is then a small software module 
which performs a single task. The library entries will 
be independent in the sense that each primitive will 
have no "knowledge" of any overall data structure. 
The primitives will obtain data and return results in 
a standard way, by invoking special primitives which 
will fetch data from and return data to a central 
storage area. There will be no attempt to prescribe 
an overall modeling technology; instead, we hope to 
allow the free evolution of useful software tools for 
those concerned with developments in building 
energy simulation. Naturally, portability will be a 
necessary attribute for all of these tools. 

The library will have different types of entries: 
first-principle, governing equation generators for 
building and system components; self-contained 
algorithmic approaches; data manipulators; software 
development and management tools; and simulation 
support modules. By accepting a high level of plur
alism it is likely that a rich modeling base can be 
formed, entirely free of application assumptions. 

(2) Software Harness. The second stage 
addresses the development of harness, or executive, 
software, which will allow primitives extracted from 
the library to be combined into an actual modeling 
system. This software will consist of a data manager 
used to define and control data traffic among the 
modules (primitives) and a simulation controller to 
control the sequence in which the modules (or 
groups of modules) will be executed. Creation of the 
software harness is analogous to the development of 
a computer operating system, such as UNIX, where 
the problems of concurrent processes and communi
cation among processes have already been addressed. 
Using techniques from this field will facilitate the 
use of parallel processing at some future point in 
time. It will also permit the construction of any 
modeling approach (so long as the necessary software 
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Figure 2. Proposed kernel system for creating building energy simulation models. (XBL 862-10304) 

primitives exist), from the establishment and integra
tion of matrix equations representing energy and 
fluid flow within buildings and their systems, to 
more pragmatic models which apply simplifications 
appropriate to the problem in hand. 

It is important to note that the harness software 
is designed for use by model developers, not by 
model users. It is an efficient way of building 
appropriate models which can be easily improved as 
the underlying techniques are refined. Users would 
continue to use prescribed programs, the only differ
ence being that their architecture would be highly 
modular and so easy to change. 

(3) Knowledge Base. The third important stage 
consists of setting down the rules which govern 
model construction and use in a design, educational, 
or research context. This is essential if it is desired 
to move to so-called "expert" systems. 

Concerning model construction, the rules 
employed by some contemporary programs will be 
set down as a first step template. This would include 
those rules commonly applied to component models, 
as well as those applicable to overall solving stra
tegies. Normal academic interchange would then 
serve to modify these templates or to create alterna-
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tive approaches. Each participant can have a say, 
allowing the more effective templates to become 
prominent with time. 

Model use is a different problem. The intention 
here is to explain how existing and planned energy 
simulation systems work. This knowledge is 
required by those future developers who will con
struct expert systems in this application area. It is 
proposed not to develop decision-making software, 
but simply to organize a database of information in 
this one area. 

International Association 

One of the elements of the proposal to develop 
an Energy Kernel System is the formation of a 
broadly-based group or association to foster and 
guide research and development in the building per
formance simulation field. The first organizational 
meeting of this group was held January 19, 1986, in 
San Francisco in conjunction with the 1986 
ASH RAE Winter Meeting. At that meeting, an 
enthusiastic group of supporters selected the name 
"International Building Performance Simulation 
Association" (IBPSA), and formally put the organiza
tional process in motion. By the second organiza-



tional meeting on June 22, 1986, in Portland, sub
committees had drawn up a draft Mission Statement 
and initiated the incorporation process. The Mission 
Statement, which has since been approved by the 
charter members, defines IBPSA to be an organiza
tion "founded to advance and promote the science of 
building performance simulation in order to improve 
the design, construction, operation, and maintenance 
of new and existing buildings world-wide." Objec
tives listed include identification of building simula
tion research and development needs, and the 
enhancement/transfer of new developments and 
technology to the user community. IBPSA will seek 
participation of building designers, owners, opera
tors, and developers in order to provide a broad base 
of support and to assure technical input from the 
entire building community. At the most recent 
meeting, held September 21, 1986, in Washington, 
these objectives were explained to an international 
group of attendees of the CIB meeting. The next 
IBPSA meeting will be held January 20, 1987, in 
New York in conjunction with the 1987 ASH RAE 
Winter meeting. At this meeting the SRG will parti
cipate in forging IBPSA into an effective industrial 
advisory group for overseeing development of the 
Energy Kernel System and other building energy 
simulation efforts. 

SPANK: A Prototype Kernel System 

During FY 1986 theSRG developed new 
software called the Simulation Problem ANalysis 
Kernel (SPANK) as a first prototype of the Energy 
Kernel System.22,23 SPANK views a simulation prob
lem as a network - the nodes represent nonlinear 
equations, and the lines linking the nodes (called 
links or arcs) represent variables in the equations. 
The network representation of a simulation problem 
is completely equivalent to describing the problem as 
a set of simultaneous, nonlinear equations. The net
work representation has the advantage of allowing 
graph theory techniques to be used to reduce the size 
of the problem to be solved. The existing version of 
SPANK only allows algebraic equations, but the next 
version will handle first-order differential equations. 

A simulation problem in SPANK consists of a 
set of coupled equations. Each equation or relation 
among variables is known as a "primitive object." 
Primitive objects may be combined into "macro 
objects," and primitive and macro objects can be 
combined into more complex macro objects. Thus 
modules (sets of equations) which represent compli
cated physical processes or entities can be built up 
from simple components. Once the necessary 
objects, either simple or complex, are defined, the 

2-23 

problem description is completed by "linking" the 
objects together, i.e., by specifying which variables 
are common to which equations. 

Once the simulation problem is defined, SPANK 
does the rest. The user does not have to choose a 
computation sequence (that is, write a procedural 
algorithm in FORTRAN or some other language) 
that solves the set of equations. SPANK creates the 
solution sequence in two steps. First, a particular 
relationship (equation) has to be selected for each 
variable and inverted to give a formula for that vari
able. Selecting a relationship to be used in solving 
for a particular variable is a classic matching prob
lem from graph theory, and algorithms for perform
ing this matching are well known. 

Once the matching has been accomplished, the 
second step is to find a set of break variables, called 
a "cut set." These variables become the iteration 
variables in the solution sequence. That is, initial 
values are guessed, then used to solve for all the 
variables using the set of relationships, yielding new 
values for the cut set variables. Then a scheme such 
as Newton-Raphson iteration is used for choosing 
the next guess for the cut set. 

Most simulation programs, when faced with 
solving a system of nonlinear equations, simply 
iterate on all the variables; i.e., the cut set includes 
all the variables in the problem. One of SPANK's 
major contributions is to use graph theory methods 
to reduce the cut size greatly, and thus to effectively 
reduce the problem size. 

At this time the largest practical problem solved 
with SPANK is a simulation of a constant volume 
reheat HV AC system. The model contains 23 equa
tions and 23 variables. The cut set found by 
SPANK contains I variable, a 23 to 1 reduction in 
problem complexity. The model structure of the 
SPANK problem description (objects and macro 
objects) allows a model to be easily comprehended 
and altered. SPANK inherently allows simultaneity 
and nonlinearity. Lastly, the use of data flow con
cepts will allow SPANK to take optimal advantage 
of multiprocessor machines. 

Other Accomplishments 

The following was also accomplished in FY 1986 
in the area of advanced simulation software develop
ment: 

(1) A prototype timestep controller for the Kernel 
System was implemented and tested in the ESP 
simulation program. The controller improves 
the accuracy of an energy calculation by 
dynamically changing the simulation timestep 



in response to variations in climatic variables, 
such as outside temperature or solar radiation, 
or to building control variables, such as ther
mostat setpoint. 

(2) The University of Wisconsin Solar Energy 
Laboratory, via contract to LBL, began work 
on advanced techniques for obtaining transfer 
functions for fast and accurate multi
dirriens'ional heat transfer calculations for walls, 
attics, earth-contact structures, and whole 
buildings or zones. 

(3) Our collaborators in the U.K. (University of 
Strathclyde, Glasgow, and Rutherford-Appleton 
Laboratory, England) obtained funding from 
the U.K. Science and Engineering Research 
Council to begin the U.K. effort on Energy 
Kernel System development. As a result of 
meetings at LBL, an agreement was drafted on 
UK/USA collaborative intentions for the 
development of the Energy Kernel System. 

(4) Our collaborator in China, Lan-Chieh Huang of 
the Chinese Academy of Sciences, completed 
Phase 1 of a new method for calculating 
unsteady, multidimensional natural convection 
in enclosures. (This work was begun in FY 
1985 while Prof. Huang was a visiting scientist 
with the SRG.) The results of this work are 
described in Ref. 24. 

(5) A review paper was written describing the 
recent advances that have been made in build
ing energy simulation in North America.25 

Analysis Efforts for Others 

The SRG provided technical expertise to the 
Energy Analysis Program for their ASEAN project. 
(ASEAN is the Association of South East Asian 
Nations - Indonesia, Malaysia, Singapore, Thai
land, and the Philippines.) We provided instruction 
for a 5-week training course in the use of different 
energy analysis tools, including DOE-2, PC-DOE (a 
personal computer version of DOE-2), TRAKLOAD, 
and Carrier Corporation's Carrier E-20. There were 
14 participants, each of whom had brought a set of 
construction drawings for a building from their com
munity, which they then proceeded to analyze. 
Comparisons were made of the different analysis 
techniques and a number of participants left in anti
cipation of teaching these methods for energy audit 
purposes and/or research in their respective coun
tries. 

The SRG provided support in the evaluation of 
the Institutional Conservation Program, a joint pro
ject with Argonne National Laboratory. Our work 
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has centered on the accuracy and quality of the 
technical assistance (T A) reports. These are reports 
prepared by professional engineers upon completion 
of a study to determine appropriate energy conserva
tion measures. It was observed that there has been 
little correlation between the energy savings 
predicted in T A reports and the actual savings deter
mined by pre- and postretrofit monitoring of energy 
use data. One of the leading technical problems is 
the accuracy of calculation techniques used in the 
analysis, i.e., whether a "whole building" or 
"envelope-dominated" calculation technique is used. 
A crosscheck of T A accuracy is being performed by 
re-analyzing selected cases with the TRAKLOAD 
program. 

In support of the LBL Lighting Group, a numeri
cal model was developed to determine what combi
nation of mercury isotopes maximizes the light out
put from fluorescent lamps. First a computer pro
gram was written to evaluate the integrals that are 
used to calculate the radiant emittance of the lamp. 
Next, a maximization routine was incorporated into 
the program to find the optimum combination of 
isotopes subject to the physical constraints governing 
the problem. A sensitivity analysis was then per
formed to see which physical parameters were most 
critical to the calculation. For this model, results 
indicate that the proper selection of isotopes can 
increase the light output by a few percent. (Each 1 % 
increase in light output would save the United States 
about $250,000,000 annually in energy costs for 
fluorescent lighting.) 

PLANNED ACTIVITIES FOR FY 1987 

DOE-2 

The DOE-2 program will continue to be main
tained and supported and its documentation 
enhanced. The quarterly DOE-2 User News will con
tinue to be published. An improved version of the 
program, DOE-2.l D, will be completed and released 
to the public. 

Advanced Simulation 

The SPANK program will be released for outside 
testing after some additional features are added, 
including dynamic simulation and a graphics-based 
input processor. Detailed specifications for the 
Energy Kernel System will be formulated by the U.S. 
and U.K. and distributed, via IBPSA, for review 
and comment. Collaborative agreements will be 
drafted for joint LBL/France and LBL/People's 



Republic of China work on the Energy Kernel Sys
tem. Contracts from LBL will go to SERI and NBS 
to perform Kernel-related research: SERI will cast its 
macrodynamic simulation approach into the form of 
primitives that can be used in the Kernel; NBS will 
investigate the technical feasibility of using a general
ized finite element approach for building energy 
simulation. The University of Wisconsin will com
plete work on advanced transfer function techniques. 
The convection calculation methods being developed 
at the Chinese Academy of Sciences will be extended 
to model turbulent flow. 
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INDOOR ENVIRONMENT PROGRAM 

INTRODUCTION 

LBL IS a major center of building science 
research. An important part of that research 
concerns the environment defined by the building 
shell -- the major focus of the work of the Indoor 
Environment Program. The Program examines the 
scientific issues associated with the design and 
0peration of buildings to optimize building energy 
performance and occupant comfort and health. 

The question is' addressed in different ways by 
the five groups that comprise the Program. The 
Energy Performance of Buildings Group examines 
energy flow through all elements of the building 
shell. It measures air infiltration rates, studies 
thermal characteristics of structural elements, and 
develops models of the behavior of complete 
buildings. The potential for savings in the 
infiltration area is great. The heat load associated 
with natural infiltration is about 2.5 quads/yr costing 
about $15 billion annually. It may be economic to 
reduce this by 25%. 

This change, however, may produce undesirable 
effects in the environment of the building. Since 
ventilation is the dominant removal mechanism for 
pollutants found within buildings, concern continues 
about the impact of designs or changes in operation 
that lead to its reduction. 

This issue has been an important theme for the 
work of the other four groups of the Program. 
Efforts include characterizing the emission of various 
pollutant classes from their respective sources, 
studying the effectiveness of ventilation in removing 
pollutants from indoor atmospheres, and examining 
the nature and importance of chemical and physical 
reactions that can affect the occurrence and amount 
of airborne pollutants. The Program has groups that 
have concentrated specifically on three major 
pollutant classes: combustion products, arising from 
indoor heaters and other combustion appliances; 
radon and its progeny, arising from materials that 
contain radium, a naturally occurring radionuclide; 
and formaldehyde and other organics, arising from a 
variety of building materials and furnishings. In 
addition, the Ventilation and Indoor Air Quality 
Control and Energy Performance of Buildings groups 
investigate techniques for controlling airborne 
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concentrations, develop devices for monitoring 
pollutants in laboratories and buildings, and design 
or carry out field surveys of energy use and indoor 
air quality in residential and commercial buildings. 
The Indoor Exposure Assessment group also devotes 
time to assessing the health effects of indoor 
pollutant exposures. 

It is difficult to generalize the results of on-going 
research efforts. However, there are several 
important hypotheses that have evolved from this 
work that we continue to explore as this research 
proceeds. 

A. Air quality in buildings is dominated by 
sources. Problems that have been seen are 
more often related to strong indoor sources 
than to deficiencies in ventilation. 

B. Air pollution is a buildings problem. The 
concentrations of pollutants observed within 
buildings are comparable to those outdoors 
(when major indoor sources are present, the 
concentrations indoors are substantially 
higher). Since people spend 70-90% of their 
time inside buildings the major portion of their 
exposure to air pollutants occurs within 
buildings. Therefore, because sources and 
removal processes are often associated with 
building structure and operation, we work from 
a perspective that air pollution is a buildings 
problem. 

C. Ventilation is the best control strategy for 
indoor pollution within a building. Ventilation 
with outdoor air controls all indoor pollutants 
in a similar way. Therefore, it is the best single 
strategy to employ in buildings for pollutant 
control. This assertion does not contradict 
statement A above. Rather, it acknowledges 
that we do not know and cannot identify all the 
pollutant sources in a building. If a particular 
pollutant is known to be a problem, that 
pollutant source should be treated. Since such 
information is usually lacking, ventilation 
remains the best general control strategy. 



Indoor Radon* 

R.C. Sextro. A. V. Nero, K. Carbesi, J. Harrison, 
C. Loureiro, B.A. Moed, W. W. Nazaroff, T. Nuzum. 
R. Prill, K.L. Revzan, B.H. Turk 

Radon and its radioactive decay products are 
ubiquitous contaminants of indoor air, and expo
sures to. radon progeny are estimated to be responsi
ble for several thousand cases of lung cancer per year 
in the United States. Within the past several years, 
houses with indoor· concentrations two to three ord
ers of magnitude above the average concentration of 
ca. 60 Bq m-3 (1.5'pCi/L)t have been found. These 
homes (and others like them) have been the focus of 
increasing concern regarding the health risks associ
ated with occupancy of such homes. 

The goals of the research conducted by the 
Indoor Radon group are to 1) provide a method of 
predicting or identifying geographical areas where 
houses with elevated indoor concentrations might be 
found; 2) to improve understanding of the mechan
isms for production and transport of radon through 
soils and into buildings; 3) to identify, develop and 
investigate means of controlling high indoor radon 
concentrations; and 4) to study the behavior of 
radon progeny under a variety of indoor environ
mental conditions. 

ACCOMPLISHMENTS DURING FY 1986 

Soil as a Source of Indoor Radon 

Soil is now recognized as a significant, if not 
predominant, source of radon in the indoor environ
ment, particularly in those houses with elevated 
indoor concentrations. Several factors influence the 
flow of radon-bearing soil gas into buildings, includ
ing the intrinsic properties of the soil, the charac
teristics of the building substructure, and changes in 
environmental conditions both outside and inside 
the structure. 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Building and Community 
Systems. Building Systems Division and by the Director, Office of 
Energy Research, Office of Health and Environmental Research, 
Human Health and Assessments Division and Pollutant Charac
terization and Safety Research Division of the U.S. Department 
of Energy under Contract No. DE-AC03-76SF00098; by the U.S. 
Environmental Protection Agency through Interagency Agree
ments DW89931876-01-0 and DW89930801-01-0 with DOE; and 
by the Bonneville Power Administration, Portland, Oregon 
through Interagency Agreement DE-A 179-83BPI2921. 

tThe SI units for airborne concentrations of radionuclides are Bq 
m·J, where 37 Bq m·J= 1 pCijL. 
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Current investigations of soil focus on the prob
lem from two distinct, but complementary perspec
tives I. The first of these approaches is to assemble 
data at a geographical scale, appropriate for under
standing the general characteristics of soils. In this 
way, values of important soil parameters are 
obtained which may be useful in developing a 
predictive method for geographical estimates of 
where high indoor radon concentrations are likely to 
occur. The second approach is to investigate the 
influence of soils at the level of a specific house. 
Since the details of radon production and transport 
depend upon local soil conditions, such investiga
tions should assist in illuminating the basic physical 
processes involved and will, in turn, aid in the sys
tematic development of mitigation techniques to 
prevent or reduce radon entry into dwellings. 

Ranges and nominal values of the parameters 
influencing radon production and transport are 
presented in Table 1. Radium, the progenitor of 
radon gas in soils, is widely distributed in crustal 
materials. As indicated in the table, the typical 
radium content of surface soils varies by slightly 
more than an order of magnitude. The emanating 
fraction, the ratio of mobile radon to the total radon 
produced by the decay of the radium, varies by 
approximately an order of magnitude as well. This 
parameter is governed by the physical characteristics 
of the soil particles and by the moisture content of 
the soil. Observed soil gas concentrations vary by 
almost two orders of magnitude. 

The radon may then migrate through the soil 
and into buildings by both diffusion and pressure
driven flow. Typical pressure differentials between 
the outside and inside of the building are in the 
region of 3 Pa. An important parameter in defining 
the flow rate through the soil is the air permeability, 

Table I. General soil characteristics. 

Parameter 

Radium in surface soils 

Emanating fraction 

Porosity 

Radon in soil gas 

Diffusion coefficient 

Permeability 

Differential pressure 

Source: See reference I. 

Range 

10 - 200 Bq kg·1 

0.05 - 0.7 

0.35 - 0.65 

(0.7 - 22) 
X 104 Bq m·3 

(0.7- 7) 
X 10.6 m2s· 1 

10.16 _ 10,7 m 2 

0- ca. 10 Pa 

Typical Value 

40 Bq kg· 1 

0.25 

0.5 

3 Pa 



which can, in principle, range over 9 orders of mag
nitude. More typical soils have permeabilities that 
appear to range over 4 to 5 orders of magnitude. 

Information on surface soils is available from a 
number of sources, although data on air permeabili
ties have not been compiled. However, reports from 
the Soil Conservation Service (SCS) of the V.S. 
Department of Agriculture contain information on 
most soils on a county-by-county basis. Although no 
direct air permeability data are available, the data 
and descriptive materials from the SCS reports may 
be useful in estimating air permeabilities. 

We have used these indicators to estimate per
meability values for surface soils in Spokane County, 
W A, in order to compare with values from air per
meability measuremeQts conducted as part of a 
radon mitigation study conducted in that area. A 
general soil map of the area is shown in Figure I, 
which indicates the spatial extent of various soil 
associations described by the SCS data. These asso
ciations generally consist of one or more major soil 
series and may include one or more minor soil 
series. Permeability ranges for the two soil associa
tions shaded in the figure have been estimated, and 
the results shown in Table 2. Air permeabilities 
were measured at a number of houses in the Spokane 
vicinity. All the study homes were located in the 
Garrison-Marble-Springdale association. The aver
age and range of the eleven measurements are shown 
in Table 2. Although there are a number of uncer
tainties and assumptions made in deriving estimates 
of air permeability from the SCS information, the 
agreement between these estimates and the measured 
values is reasonably good. In addition, air permea
bility measurements have been made in 30 different 
locations at one house site in the Spokane area. 
These results show little local spatial variation, 
approximately a factor of 5, in soil permeability at 
this one site. 

Both tracer gas experiments and investigations of 
remedial radon measures indicate that air permeabil
ity plays a substantial role in the convective flow of 
radon into structures. At present there are few soil 
air permeability data available that might provide a 
correlation with indoor radon concentrations or with 
permeability estimates based on geographical data. 
Additional w.ork with the SCS data will improve the 
confidence in the permeability estimates one can 
obtain, as will additional comparisons between meas
ured and inferred air permeabilities. In addition, 
further site-specific studies will help in assessing the 
nature and influence of local building and soil 
characteristics. 

3-3 

General Soil Map 
Spokane County (WA) 

5 MHes 
~ 

10 km 

117°30' 

Soil Associations 

m Naff-Larkln-Freeman 

rn Garrison-Marble-Sprlngdale 

3 Spokane-Dragoon 

4 Bernhil1 

5 Hesseltlne-Cheney-Uhhg 

6 Moscow-Vassar 

7 Athena-Reardan 

8 Clayton-Laketon 

9 Bonner-Eloika-Hagen 

Figure 1. General soil map from the Soil Conservation 
Service for Spokane County, W A, The two soil associa
tions discussed in the text are shaded. The location of the 
city of Spokane is shown by the heavy border. (XBL 867-
10904) 

Perspective on Radon Risks and Control 
Strategies 

Within the past two or three years, the perspec
tive on the seriousness of the indoor radon problem 
has been altered. In part, this is due to a broader 
understanding of the distribution of radon concentra
tions in homes (principally single-family housing) in 
the V.S., and in part, due to the discovery of houses 
or groups of houses with concentrations sufficiently 
elevated that the health risks, even from less-than
lifetime exposures, are excessive. Some of our 



Table 2. Permeabilities of selected soils in Spokane 
County, WA. 

Permeability (m2) 

Derived from 
Soil Association SCS Information 

NafT-Larkin-
Freeman 10.14 to 10- 12 

Garrison-Marble-
Springdale 10-12 to 10-10 

Source: Reference 1. 

Measured by LBL 
(Range) 

-2 X 10-11 

(0.3 - 60) X 10-11 

research effort has been devoted to developing a p'er
spective on these risks and how to effectively attack 
the problem of locating and remediating houses with 
elevated radon concentrations2

• 

As described in a previous annual report3, a 
national distribution of indoor radon concentrations 
has not been measured, although an aggregate distri
bution has been assembled from a number of more 
localized surveys that provides a 'surrogate' national 
picture 4. Based on these data, the distribution 
appears to be lognormal, with a geometric mean of 
34 Bq m-3, an arithmetic mean of 55 Bq m-3 and a 
geometric standard deviation of about 2.8. The con
centration distribution is illustrated by the histogram 
and solid curve in Figure 2. These parameters per
mit one to estimate the number of houses in the U.S. 
with indoor radon concentrations that exceed chosen 
values. For example, approximately seven percent of 
the distribution lies at or above 150 Bq m-3, which 
translates into approximately 4 to 5 million single
family homes. Similarly, one can estimate with 
greater uncertainty that there are on the order of 
100,000 homes with concentrations above 750 Bq 
m-3. 

The health risks associated with radon exposures 
are due to the deposition of radon decay products in 
the lungs and their subsequent alpha decay. Most of 
the health risk data are based on exposures of under
ground miners, particularly in the uranium mining 
industry. While the dose-response estimates are unc
ertain, the data provide generally consistent health 
risk estimates (within factors of 2 or 3) which, when 
applied to the average radon concentration of 55 Bq 
m-3, yield approximately a 0.3 percent increased life
time risk of lung cancer. The risks increase in pro
portion to exposure; thus for a lifetime exposure to 
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Figure 2. Histogram of the aggregate radon distribution 
data from samples obtained in 552 houses. The solid 
curve is the lognormal function with the geometric mean 
and geometric standard deviation calculated directly from 
the radon concentration data. The top axis, lifetime risk 
for individuals, also refers to this solid curve. The dashed 
curve is the distribution of total population exposures to 
radon progeny, as a function of indoor radon concentra
tion. The labeled arrows refer to the fraction of homes 
and the fraction of the total population exposure associated 
with radon concentrations equal to or greater than the 
indicated values. (XBL 872-10801) 

radon at a concentration of 750 Bq m-3, the 
increased lifetime risk of lung cancer is about 4%. 

Such risks can be viewed against other risk levels 
encountered. Risks involved with personal choices, 
such as driving a car or smoking exceed 10-2 to 10-1• 

These choices are, for the most part, voluntary and 
may be associated with a perceived benefit. Occupa
tional risks tend to lie in the range of 10-3 to 10-2

; 

these are risks over which the worker may have lim
ited control or choice. Again, there may be 
presumed benefits associated with the choices. The 
last general category of risks are those associated 
with environmental exposures. These are often 
termed involuntary and involve no real choice on 
the part of the persons exposed. These risk ranges 
are rarely as high as 10-3 and are often typically in 
the range of 10-6 to 10-4. These latter risk levels are 
the basis of some regulatory actions involving certain 
categories of exposure to environmental pollutants. 

In this context, exposures to radon .progeny in 
the indoor environment, even at average concentra
tions, provide high risks compared to those associ
ated with other environmental insults, and at con
centrations above 750 Bq m-3, risks that are substan-



tial even with respect to risks associated with per
sonal choices. The distribution of individual risks, 
as indicated by the top axis in Figure 2, can be asso
ciated directly with the solid curve in this figure. 
The dashed curve is the distribution of total popula
tion exposure (or, presuming that the risk and dose 
are linearly related, the risk) as a function of indoor 
radon concentration. As can be seen by the illustra
tive examples, while approximately 7% of the single 
family housing in the U.S. is expected to have 
indoor radon concentrations ~ 150 Bq m-3, almost 
34% of the total population risk is associated with 
these indoor concentrations. Similarly, about I % of 
the housing is expected to have indoor concentra
tions ~ 370 Bq m-3, which comprises almost 10% of 
the total population risk. 

A number of organizations, both in the U.S. and 
elsewhere, have proposed guidelines for radon or 
radon progeny concentrations in residences. These 
are summarized in Table 3. The genesis of th(~ ear
lier guidelines was the discovery of high indoor 
radon concentrations related to industrial contami
nation of soils, or in some cases, building materials 
used in the home. There were three situations in 
which this problem arose, 1) an association with 
uranium mining and milling, 2) the use of lands 
reclaimed from phosphate mining, and 3) radium 
process residues from various industrial activities. 

More recently, several U.S. and international 
entities have developed guidelines for radon or 
radon progeny in indoor air for ordinary (i.e. unre
lated to industrial contamination) homes. The most 

Table 3. Recommended guidelines for radon concentrations in buildings". 

Organization or 

Country 

Int'I Commission on 
Radiation Protection 

Nat'! Council on Radiation 
Protection and Measurements 

World Health Organization 

ASHRAE 

U.S. Surgeon General 

U.S. EPA 

U.S. EPA 

Bonneville Power Admin. 

Canada 

Sweden 

Source: Adapted from reference 2. 

Existing Buildings: 

Ordinary Contaminated 
(Bq m-3) (Bq m·3) 

400 b 

370 

800 c 

370 d 

74 e 

148 

148 

185 

740 g 148 

800 

Future 

Buildings 
(Bq m·3) 

200 

200 

74 

148 (?) f 

200 

With the exception of the BPA guidelines, which were originally stated in 
terms of radon concentrations, the guidelines cited here were originally in 
terms of radon progeny concentrations, and have been converted to 
equivalent radon concentrations using an equilibrium factor of 0.5. 

b A higher level is recommended if remedial measures are difficult. 
A level of 200 Bq m·3 is recommended if the remedial measures 'are simple. 

d Remedial action "indicated" 
Remedial action "suggested" 
Although not explicitly stated, the EPA guidelines appear to apply to new 
construction as well. 
A suggested guideline; specific guidelines for existing houses have not yet 
been formally established. 
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recent guidelines, issued by the EPA in August 1986, 
uses 148 Bq m-3 as a basis for action. At the same 
time, the EPA has adopted a staged approach for the 
urgency of remedial action. For concentrations 
between 148 and 740 Bq m-3, action to reduce con
centrations below 148 Bq m-3 within a few years is 
recommended; for concentrations in the range of 740 
to 7400 Bq m-3, action within a few months is 
recommended, while for concentrations greater than 
7400 Bq m-3, immediate attention, within a few 
weeks time, is recommended. 

While the case is compelling that long term 
exposure to high concentrations of radon progeny 
presents significant health risks, there are a number 
of uncertainties that affect the picture for lower 
exposures. Further examination of the health risks is 
warranted in an attempt to reduce the uncertainties 
in the present data and in their application to a dif
ferent (e.g. indoor as opposed to a mining) environ
ment. Additional research on mitigation techniques 
for use in existing and future housing will provide a 
better economic and technical basis for their imple
mentation, especially in houses with intermediate 
concentrations. It is important to note in this con
nection that addressing these houses will have a 
larger effect on the total population risk than those 
fewer individual situations with very high concentra
tions. The urgency for action in the latter case is 
clear, the economic and practical aspects in the 
former are not. 

New housing also presents a different and still 
uncertain picture. The development and use of low 
cost, durable methods to reduce radon entry in new 
construction, for example, might effectively elim
inate radon-related risks in most future housing. 
However, it is not clear if a set of standard tech
niques can be used as a matter of course in all geo
graphical areas, or if specialized techniques will be 
required in specific areas , or even if certain geo
graphical areas can be eliminated from concern 
regarding elevated radon entry rates into homes. 
These are topics requiring additional research effort, 
along with ~he need to find and fix the existing 
houses with high concentrations. 

Evaluation of Remedial Measures 

As part of a series of surveys of the effects of 
weatherization on indoor air quality in the Pacific 
Northwest, radon concentrations were measured in 
46 residential buildings in the Spokane River Valley 
in eastern Washington and northern Idaho. Approx
imately 57% of these homes exceeded the 185 Bq m-3 

guideline established by the Bonneville Power 
Administration (BPA) for remedial action. The 
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average in these 46 residences was 492 Bq m-3• Fif
teen of these homes were subsequently selected for 
research on remedial techniques, with the objectives 
of evaluating several possible mitigation measures 
and of reducing the long-term average radon concen
tration during the heating season to below 185 Bq 
m-3 in each house5. 

The 15 homes represented a variety of ages and 
substructure combinations. All homes but one had 
basements; many had combinations of basements 
and either a crawl space or slab-on-grade. One home 
was built entirely with slab-on-grade construction. 
Only two homes used combustion fuel heating; the 
remainder used electric heating of various types, in 
some cases supplemented by wood stoves. 

A number of diagnostic procedures were utilized 
to assist in identifying the likely radon entry loca
tions. Because pressure-driven flow of radon-bearing 
soil gas is generally thought to be the predominant 
source of radon in houses with elevated indoor con
centrations, several procedures were directed toward 
this source. Scintillation cells (Lucas cell) were used 
to measure radon-in-air concentrations from a 
variety of sources, including wall cavities, floor 
drains and any sealed spaces in contact with the soil. 
Soil gas samples, obtained from soil depths of up to 
1.5 m and between -0.5 and 5 m from the house, 
were also analyzed using scintillation cell grab sam
ples. Air permeability measurements were also made 
with these soil probes. To evaluate the contribution 
of non-soil sources, radon concentrations were meas
ured in water samples and radon emanation meas
urements from building materials were made. 

Continuous monitoring of indoor radon concen
trations, indoor and outdoor temperatures, and wind 
speed and direction was established in each home to 
provide data on premitigation baseline conditions as 
well as provide a means of evaluating the radon 
mitigation systems. In addition, seven-day-average 
ventilation rates were measured at the same time, 
using the passive perfluorocarbon tracer (PIT) tech
nique. Local meteorological data on winds, precipi
tation and barometric pressure were obtained from 
the National Weather Service. 

Several mitigation techniques were evaluated in 
the course of the study, in some cases, more than 
one technique was tried in a home in order to pro
vide a comparison. Techniques evaluated included: 

• Sealing cracks and holes, in order to reduce 
the entry rate of soil gas; 

• House ventilation with heat recovery, 
using an air-to-air heat exchanger (AAHX); 

• Sub-slab ventilation, used in the depressur
ization mode to help reverse the natural 



• 

pressure differential across the building 
substructure and to ventilate the soil gas; 
Sub-slab ventilation, used in the pressuri
zation mode to help displace soil gas near 
the substructure with low-radon
concentration ambient air; 

• Basement overpressurization, used to 
reverse the natural pressure gradient across 
the building shell; and 

• Crawlspace sealing and ventilation, to 
reduce infiltration flow between the crawl
space and the living space, and to reduce 
crawlspace radon concentrations. 

Results of the diagnostic measurements indicated 
that soil gas entry into these houses was the most sig
nificant source of radon, although the entry locations 
were generally highly localized, as shown by the vari
ations in radon concentrations observed in the air 
grab samples taken in various locations in the base
ment. Only four of the houses obtained domestic 
water from a private well, and the highest radon con
centration in these water samples was -105 Bq m·3

, 

which would contribute less than 10 Bq m-3 to the 
airborne radon concentrations. Water from munici
pal supplies had lower radon concentrations, as 
expected, ranging from (13.5 to 25~5) X 103 Bq m-3, 

effectively eliminating municipal water as an impor
tant source of indoor airborne radon. 

Soil gas radon concentrations ranged from (10 to 
24.4) X 103 Bq m-3; these observed concentrations 

_ are highly dependent upon depth and location with 
respect to the house. At the same time, soil air per
meabilities ranged from (0.3 to 60) X 10- 11 m2

• 

These soil gas radon concentrations, combined with 
the permeability of the soil, appear to provide the 
conditions that account for the radon entry rates in 
the test houses inferred from the observed indoor 
concentrations. While the typical infiltration flow 
through the substructure of a building is less than 1% 
of the total flow, two houses in this study, ESPI20 
and ESP III, appear to have 20 and 5% of the infil
trating air entering through the substructure, respec
tively. In the case of ESPI20, this appears to be con
sistent with the fact that the substructure walls are 
stone-and-mortar. 

Results of selected mitigation efforts are sum
marized in Figures 3, 4, and 5. A brief synopsis of 
the experiments is presented here; a detailed discus
sion of each technique can be found in the report. 5 

In some cases, more than one mitigation system was 
tried in a given house. Heat-recovery ventilation (an 
air-to-air heat exchanger, or AAHX) was employed 
in three houses; in two of these systems ventilation 
air was supplied and exhausted from the basement 
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House NSP 204 House ESP 121 House ESP 109 

Figure 3. Results from the evaluation of air-to-air heat 
exchangers in 3 homes. (XBL 863-9157) 

respectively. In house NSP204, an existing AAHX 
system was modified to increase the efficiency of air 
circulation, and the existing supply and exhaust loca
tions modified. As illustrated in Figure 3, reductions 
of about 60, 67 and -75% were achieved. In general, 
the AAHX units were sized to add about I ach of 
ventilation. Since the units, when properly balanced, 
have a neutral effect on the pressure distribution 
across the building shell, the radon source strength 
should not be affected and the radon concentration 
should therefore be related inversely to the ventila
tion rate. Use of an AAHX to control radon appears 
to be best suited for those cases where initial indoor 
concentrations are not excessive « 750 to 1500 Bq 
m-3) and/or where the initial building ventilation rate 
is low. 

Subsurface ventilation (SSV) systems were 
implemented in five homes, in a variety of confi
gurations. In general, the systems consisted of 7.5 
cm diameter PVC pipes inserted in one or more (up 
to four) locations through the basement floor slab, or 
in one case, ESPI19, along the exterior of the foun-

-.:. 
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House ESP 120 House ESP 111 HOUS1~ ESP 101 House ESP , 13 House ESP 119 

Figure 4. Results of the test of subsurface ventilation sys
tems. Both underpressurization and overpressurization 
have been evaluated, usually at 2 or 3 operating pressures. 
(XBL 863-9153) 

dation wall, to a point below the wall footer. The 
pipes end approximately 30 cm below the floor in a 
60 cm diameter dry sump 60 cm deep, backfilled 
with clean gravel. For the interior systems, the pipes 
are routed either singly or in a manifold through the 
top of the basement to the outside of the house. 
Here, the pipes are connected to a centrifugal blower, 
sized to develop more than 125 Pa at more than 25 
Lis flow. 

The results from the use of these SSV systems 
are illustrated in Figure 4. As can be seen, the effects 
of SSV operated in a depressurization mode are 
dramatic for four of the five houses, with almost all 
configurations leading to concentrations below the 
185 8q m-3 guideline adopted by the Bonneville 
Power Administration, the project sponsor. In three 
of the five houses, the SSV system was used to pres
surize the soil below the slab. In all three cases, the 
first floor radon concentrations dropped further. In 
house ESP 111, subsurface depressurization resulted 
in a factor of two reduction in first floor radon con
centration, while subsurface depressurization pro
duced a concentration reduction of more than a fac
tor of 10 over baseline conditions. It appears that in 
highly permeable soils, characteristic of this region, 
pressurization of the soil below the basement slab 
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Figure 5. Results from the use of basement overpressuriza
tion in four homes. (XBL 866-9199) 

dilutes the soil-gas radon concentrations. Thus, even 
though the pressure differential across the building 
substructure is increased somewhat by the sub-slab 
pressurization, the soil gas that enters has a reduced 
radon concentration. This system requires further 
study, particularly in situations where the soil per
meabilities are lower than in the Spokane River Val
ley. 

Results of basement overpressurization are 
shown in Figure 5 for four homes. The basements in 
each home were first sealed, including leakage paths 
between the basement and first floor. The base
ments were pressurized with a 100 - 200 Lis fan, 
using heated air from the first floor. This technique 
was tried in four homes, resulting in each case with 
first-floor radon concentrations reduced to below 185 
Bq m-3. In two houses, several different overpressuri
zation conditions were investigated, as indicated in 
the Figure. One disadvantage of this method, 
encountered in a few situations, is the backdrafting 
of first floor combustion appliances, such as wood 
stoves. 

Basement pressurization and subslab ventilation 
were compared in one house, ESP120, and the 



results are shown in Table 4. This particular house 
had stone basement walls and a partially finished 
basement. The substructure leakage area was large; 
an estimated 20 percent of the total air infiltration 
into the house was soil gas, resulting in the relatively 
high indoor radon concentrations observed. This 
large substructure leakage may help explain why . 
basement pressurization was somewhat more suc
cessful than subsurface ventilation. 

Results from the other mitigation techniques, 
sealing cracks and holes and crawl space sealing and 
ventilation, are summarized briefly here. Sealing 
techniques, by themselves, yielded only slight reduc
tions in indoor radon concentrations, due in part, to 
the difficulty in gaining access to all the wall and 
floor surfaces in finished or partly finished base
ments. Sealing the membrane between the crawl
space and the first floor produced modest reductions 
in first floor radon concentrations. Ventilation of 
the crawlspace areas also helped reduce radon levels. 
With the addition of mechanical ventilation to the 
crawlspace in one house, further radon concentration 
reductions were observed. 

Additional investigations of these and other miti
gation measures are needed before one or more of 
these techniques are generally applicable. Among the 
important variables to be studied are differences 
among building substructure design and construc
tion, and soil characteristics, principally air permea
bility. 

Intensive Seven-home Study 

During FY 1986, a detailed study of radon entry 
and removal was begun in seven homes in the state 
of New Jersey. The objectives of this work are to 1) 
extend our understanding of the fundamentals of soil 
gas flow and radon entry into buildings and to 
improve our basic knowledge of factors that influ
ence the entry rate, 2) develop a better basic under
standing of why certain mitigation techniques work 
(or fail) and of the operational ranges of key parame
ters that affect the utility of these techniques, and 3) 

Table 4. Comparison of subslab ventilation and basement 
overpressurization in one house. 

Mitigation Technique 

Original Subsurface Basement 
Concentration Ventilation Overpressurization 

(Bq m-3) (Bq m-3) Bq m-3) 

Basement 6920 100 27 

First floor 5600 85 28 
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provide a diagnostic analysis procedure that can be 
used in specifying appropriate and effective remedial 
measures. 

The basic research plan for this project has four 
components: 1) house and site characterization 
measurements, 2) baseline and continuous monitor
ing of radon and parameters thought to have an 
influence on soil gas flows into homes, 3) diagnostic 
procedure development, and 4) installation and 
operation of selected mitigation techniques. 

Central to this study are a set of continuous and 
periodic measurements of radon and other factors 
thought to influence flow of radon-bearing soil gas 
into a house. These include: 

1) Parameters to be moni~ored continuously: 
• indoor radon concentrations (various loca

tions within the house), and possibly radon 
progeny concentrations (smaller _ subset of 
houses), 

• outdoor temperature and indoor tempera
ture and relative humidity, 

• meteorological parameters at each site, 
including windspeed and direction, 

• pressure differentials across the building 
shell (various locations), 

• soil moisture and temperature, and 
• barometric pressure and precipitation at 

one central site. 

2) Parameters to be monitored periodically: 
• soil air permeability, 
• ventilation rate, 
• indoor water vapor, 
• soil gas radon concentrations at selected 

locations, and 
• occupant effects and activities, including 

operation of a fireplace or wood stove, 
forced air furnace systems, exhaust fans, 
etc. 

3) Parameters to be measured once or occaSIOn-
ally: 

• effective leakage area, 
• radon progeny concentrations, 
• soil characteristics (in the lab), including 

permeability, grain size distribution, soil 
radium concentration, and emanation 
ratio, 

• 

• 

frost depth and snow cover, 
pressure-field mapping to determine cou
pling between building shell and surround
ing soil, 
tracer gas (SF6) injection in soil and result
ing concentrations within the building shell 
(if utilized), and 



• additional parameters specific to the mItI
gation technique under investigation, such 
as the flow rate of air through a block wall 
or subslab ventilation system, or tracer gas 
analysis of flow pathways. 

By the end of the fiscal year, the seven homes 
had been chosen for the study. This process began 
with a list of 130 homes, from which 33 were 
selected. Detailed selection criteria were then 
developed, and the final study homes were chosen 
based on detailed site and house evaluations. At the 
end of FY86, most of the continuous monitoring sys
tems described above had been deployed in the 
seven homes an~,:data_ collection had begun. 

~: ~ ... \ 

PLANNED ACTIVITIES FOR FY 1987 

A significant effort in FY87 will be directed 
toward acquisition and analysis of the data from the 
field project in New Jersey. The field portion of this 
project will be completed at the end of the fiscal 
year. Data on the soil properties will be used as 
input to physical and statistical models to assist in 
elucidating important factors in radon migration 
from the soil into houses. Detailed data on and 

VolatHe Organic Contaminants in 
Indoor Air 

A. T. Hodgson. l.R. Girman. H.A. Sokol. l.R. Allen 

Reduction of heating and cooling costs in build
ings through a reduction in ventilation is increas
ingly being used as a component of energy conserva
tion strategies and has become an integral part of 
current building practices. Decreased ventilation in 
combination with increased uses of synthetic build
ing materials and consumer products in new and 
renovated buildings has been implicated as the cause 
of numerous complaints about "sick buiding syn
drome" and of work losses. The causes are not 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Building and Community 
Systems, Building Systems Division of the U.S. Department of 
Energy under contract DE-AC03-76SF00098 and by the Director
ate of Health Sciences of the U.S. Consumer Product Safety Com
mission under Contract CPSC-IAQ-84-ll71. 
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analysis of several mItIgation systems will provide 
information on their performance and operating 
characteristics. Analysis of radon progeny data from 
field and laboratory experiments will continue, and 
measurement systems for unattached progeny will be 
improved. 
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currently well understood nor have effective mitiga
tion strategies been developed. There is a need to 
develop methods to identify and quantify the air
borne contaminants that cause these health effects, to 
identify the sources of the contaminants, and to 
develop a fund mental understanding of the relation
ships among building materials, construction prac
tices, and ventilation so that appropriate mitigation 
strategies can be developed. 

The- goal of this research is to understand rela
tionships between airborne organic pollutant com
pounds in large buildings and energy conservation 
issues. Specific objectives are: (I) to develop 
appropriate methodology for identifying and quanti
fying organic contaminants in non-industrial indoor 
air; (2) to study the relationships among the emis
sions of organic compounds, building material usage, 
and building-related factors such as ventilation; (3) 
to develop a model based upon emission rates and 
building characteristics to predict organic contam
inant concentrations in buildings; and (4) to verify 
this model with field measurements. This research 
has targeted one class of organic compounds known 



to include irritants and carcinogens and shown by 
previous work in the laboratory to be emitted from 
widely-used building materials, i.e., the volatile 
organic compounds (VOC). 

In FY 1986, the major research objectives were: 

I. to install the remaining mechanical com
ponents and to construct the electronic 
controller assembly for temperature and 
humidity control in the 20-m3 environ
mental chamber; 

2. to validate the multisorbent sampling tech
nique for quantifying ppb concentrations 
of a broad range of VOC in ambient and 
indoor air; 

3. to conduct field studies to quantify concen
trations of VOC as' a function of ventila
tion rate in non-industrial buildings using 
the multisorbent sampler; , 

4. to quantify the effects of a concentration 
gradient on emission rates of VOC from an 
assemblage of carpet adhesive and carpet 
using small-volume (4 L) chambers; and 

5. to measure personal exposures to 
methylene chloride from the use of paint 
removers in controlled eXperiments con
ducted in residential environments. 

ACCOMPLISHMENTS DURING FY 1986 

Construction of 20-m3 Environmental Chamber 

The design and construction of a 20-m3 environ
mental chamber suitable for a wide variety of indoor 
air quality studies was described in the 1985 Annual 
Report. Systems to clean, heat and humidify the air 
supplied to the chamber were installed in 1985. 

In 1986, a chiller-loop assembly to control the 
dew-point temperature of the supply air was 
designed, constructed and installed. An electronic
controller assembly for regulation of the temperature 
and humidity of the supply air was also designed and 
assembled. 

Measurement of VOC In Indoor Air 

The limited data on indoor/outdoor concentra
tion ratios of VOC in residences, offices and schools 
show that, for many compounds, these ratios are 
greater, and in some cases much greater, than one. 
Considerably more data are needed on indoor con
centrations of VOC for anything more than rudimen
tary assessments 'of population exposures and 
chronic health risks. Acute health problems, in some 
buildings, principally mucous membrane irritation, 
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have also been postulated to result from elevated 
concentrations of VOc. The present paucity of data 
can be largely attributed to the difficulty and expense 
of analysis for a wide range of VOc. 

In 1986, we completed the development of an 
analytical method to quantify ppb concentrations of 
a broad range of VOC in ambient and indoor air. I 
The method employs a multisorbent sampler in 
combination with a thermal desorption system for 
sample concentrating and inleting, a gas chromato
graph equipped with an on-column cryogenic focus
ing attachment, and an electron-impact mass spec
trometer. The sampler contains a series of Tenax
T A, Ambersorb XE-340® and, in some cases, 
activated charcoal. Sampler breakthrough volumes 
for representative low-boiling compounds are ~ 10 
L. With a IO-L sample volume, limits of quantita
tion are < I ppb. Overall precision is normally 
better than 5% at analyte concentrations ranging 
between one and several tens of ppb. Accuracy for 
representative low-boiling compounds is typically ± 
5%. With this level of precision and accuracy, it is 
possible to detect small variations in concentrations 
of VOC with location and ventilation rate in build
lOgS. 

The multisorbent sampling method was used to 
quantify VOC in a school classroom and in a large 
office building. Both buildings were relatively new, 
having first been occupied approximately five 
months prior to our measurements. In addition, a 
number of occupants in both buildings had experi
enced acute health problems, presumably related to 
poor air quality. Samples were collected indoors and 
outdoors at the two buildings. Since ventilation is 
the main removal mechanism for airborne contam
inants and ventilation system deficiencies are often 
implicated in cases of unacceptable air quality, 
indoor samples were collected at conditions near 
steady-state at several different ventilation rates. In 
the classroom, samples were collected at ventilation 
rates of 1.55 h- I and 0.26 h-I. In the office building, 
samples were collected with the ventilation system 
set at 100% outside air (4.52 h-I) and with the venti
lation system set at 16% outside air (0.75 h-I). 

The identified compounds at both locations were 
ubiquitous components of urban outdoor and indoor 
air. Nineteen of the compounds were quantified 
using multipoint calibration curves. Table I com
pares the indoor concentrations of these compounds 
to the outdoor concentrations. The measured indoor 
concentrations were within the ranges reported for 
15 Italian homes2 and for 344 U.S. homes. 3 The tri
chloroethylene concentration in the office building 
was twice the median level reported for the U.S. 



Table 1. Comparison of indoor VOC concentrations in a classroom and in an office building to 
outdoor VOC concentrations (J.lg m·3). 

CLASSROOM OFFICE BUILDING 
Concentration, J.lg m·3 Concentration, J.lg m·3 

Compound Outdoor Indoor I/O· Outdoor Indoor I/O 
U5h·1 0.26h·1 4.52h·1 0.75h·1 

Isopropyl alcohol b 23.3 73.0 >73 b b b 

Acetone 6.5 23.8 36.3 6 5.2 16.9 30.5 6 
Methylethylketone b b b 5.0 20.1 63.5 13 

1,1,1-Trichloroethane b b b 1.0 5.5 12.6 13 
Trichloroethylene b b b b b 7.2 >7 
m.p-Dichloroben'zene b 3.1 9.2 >9 b b b 

n-Pentane 4.9 5.6 11.7 2 0.9 3.5 1.8 4 
n-Hexane 3.1 3.4 4.8 2 b 2.1 b >2 
3-Methy1hexane 2.0 2.1 3.9 2 0.4 1.4 b 4 
n-Heptane 2.0 1.6 8.0 4 b b b 

n-Decane b b b 2.4 2.4 3.6 2 
n-Undecane b b b b 5.0 5.5 >6 

Methylcyclohexane 1.4 1.4 b 0.6 b b <1 

Benzene 5.8 6.0 12.0 2 6.7 6.9 2.8 1 
Toluene 13.2 15.0 27.0 2 4.3 11.4 12.0 3 
Ethylbenzene 2.7 3.0 4.2 2 0.9 4.3 10.1 11 
m.p-Xylene 10.0 11.2 20.6 2 3.2 17.1 43.0 13 
a-Xylene 3.7 4.1 6.6 2 2.4 6.0 15.2 6 

a-Pinene b 12.1 33.9 >34 b b b 

TOTAL 55 116 251 5 33 103 208 6 

aRatio of highest indoor concentration to outdoor concentration. 
bNot detected or less than -0.4 J.lg m·3. 

homes while benzene in the classroom was close to 
the median for the U.S. homes and benzene in the 
office building was only one-fourth the median 
value. The indoor/outdoor concentration ratios for 
both locations were generally greater than one, indi
cating contributions from indoor sources. 

Fig. I shows the effect of ventilation on the 
indoor concentrations of VOC for the office building. 
Concentrations of VOC in outdoor air are also 
shown for comparison. When the ventilation rate 
was increased six-fold, from 0.75 h-' to 4.52 h-', con
centrations of VOC's were generally decreased by 
only one-half to one-third. This suggests that source 
strengths (emission rates) were increased as a result 
of the lowered concentrations from increased ventila
tion or that ventilation efficiency was low. 
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A simple mass-balance model was used with 
these data to calculate apparent source strengths: 

S 
dC = PaCodt + ydt - (a + k)Cdt, (1) 

where: 

C indoor pollutant concentration (ppm or 
p,g m-3); 

Co outdoor pollutant concentration (ppm 
or mL m-3); 

P fraction of the outdoor pollutant level 
that penetrates the enclosed space (unit
less ); 

a ventilation rate in air changes per hour 
(h-'); 



S 
V 
k 

indoor pollutant source strength (/lg h-I); 
volume (m3); 
net rate of removal processes other than 
ventilation (h- I); 
time (h). 

The apparent source strengths per unit volume 
(S/V) at the two ventilation rates are compared in 
Fig. 1. For 10 of the 11 VOC's, these source 
strengths were higher at the higher ventilation rate 
when VOC concentrations were lower. This suggests 
that emission rates of VOC may be dependent upon 
the concentration gradient between the source and 
the indoor air as a driving force. This effect has also 
been observed in small chamber measurements of 
emission rates of VOC from an assemblage of carpet 
adhesive and carpet. The consequence of this mass
transfer effect is that increasing the ventilation rate 
may not reduce indoor VOC concentrations propor
tionately. 

The concentrations of VOC in the two buildings 
when they were first occupied are unknown. How
ever, if a simple exponential decay with a half-life of 
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Figure 1. Concentrations of VOC in outdoor air and in 
indoor air at two ventilation rates at an office building. 
Apparent source strengths per unit volume were calculated 
for the two ventilation rate conditions using a mass
balance model. 
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one month is assumed, the initial concentrations of 
total VOC may have approached 6000 /lg m-3, which 
is within the range reported by Molhave et al. 4 to 
cause irritant effects in sensitive but otherwise 
healthy human subjects. 

Emissions of VOC from Building Materials. 

Elevated concentrations of VOC in new and 
newly remodeled office buildings are postulated to be 
a major contributing factor to the increasing 
incidence of building related illnesses. The materials 
used to finish interiors of buildings are the dominant 
sources of VOc. Therefore, a basic understanding of 
emission rates from these materials is essential to 
develop and evaluate strategies to reduce indoor con-
centrations of VOc. . 

Previously, emission rates of VOC from 15 
adhesives used in buildings were measured in small
volume (4 L) chambers at standardized conditions 
for material age and chamber temperature, ventila
tion rate and loading. 5 A simple mass-balance 
model was then used to estimate indoor VOC con
centrations from these sources for a hypothetical 
office space. The results demonstrated that some 
water-based carpet adhesives can be a major contri
butor to VOC in indoor air. 

In 1986, experiments were conducted to quantify 
environmental effects on emission rates of VOC 
from materials. A model system consisting of a 
water-based adhesive plus overlying carpet was used 
for these experiments. Emission rates of VOC from 
this assemblage were measured at steady-state condi
tions over a wide range of ventilation rates. Prelim
inary results indicate that emission rates depend on 
the difference between chamber and source concen
trations. 

Exposures to VOC from Use of Consumer 
Products 

Consumer product usage can be a major source 
of VOC in indoor air. There is particular concern 
about consumer exposures to methylene chloride 
(CH2CI2) from products such as paint removers and 
aerosol finishes since CH2CI2 is metabolized to CO 
leading to elevated levels of carboxyhemoglobin and 
possible anoxic stress. In addition, a recently com
pleted bioassay found CH2Cl2 to be an animal carci
nogen.6 

To provide information on exposures sufficient 
to conduct a health risk assessment, CH2CI2 source 
strengths and personal exposures were characterized 
in the 20-m3 environmental chamber at two ventila
tion rates for typical applications of paint removers 



and aerosol finishes. 7 The source strength and 
environmental data were used in a. single-equation 
mass-balance model, and the resulting th~oretical 
concentration profiles were integrated over the work 
periods to produce estimates of exposures. The cal
culated exposures were in good agreement with 
measured exposures. 

In 1986, the investigation was expanded to 
include the field measurement of personal exposures 
to CH2Ch from paint removers in residential 
environments for a variety of use scenarios. Experi
ments were conducted outdoors with varying wind 
speeds and directions and in enclosed spaces with 
different volumes such as garages, basement 
workshops, and living":qu~rters. In these spaces, ven
tilation patterns and ;rates were varied by opening 
doors and windows' and through the use of fans. 

. Ventilation rates were -measured by tracer gas decay. 
Paint remover was applied to and finishes were 
stripped from uniformly-prepared panels and pieces 
of furniture. As was done previously, personal expo
sures of workers to CH2Ci2 were continuously meas
ured by infrared spectroscopic analysis of a pumped 
breathing-zone sample, and source strengths of 
CH2Ci2 were estimated from product composition 
and usage rates. 

PLANNED ACTIVITIES FOR FY 1987 

• The temperature and humidity controllers for 
the environmental chamber will be pro
grammed and chamber performance will be 
evaluated. 

• Several theoretical modeling approaches will be 
used to describe emission rates of VOC from 
model material systems as functions of material 
age, chamber temperature, ventilation rate, 
mixing and loading. 
Additional small-volume chamber experiments 
will be performed to provide the necessary 
input data for the models and to validate 
model results~ 

• A complementary literature search will be 
undertaken to determine the major-types of 
materials used to finish interiors of office build
ings and identify VOC used in their manufac
ture. 

• The data from the field experiments on per
sonal exposures to methylene chloride from 
paint removers will be analyzed to determine 
exposures for vanous use scenarios and 
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environments, to evaluate-mitigation strategies 
and to evaluate the predictive capability of the 
mass-balance exposure model. 
Experiments will be conducted in the environ
mental chamber to determine the effectiveness 
of portable air cleaners in reducing VOC con
centrations in indoor environments. 

• The concentrations of extractable organic 
matter and polycyclic aromatic hydrocarbons 
in respirable particulate matter from seven 
homes in Wisconsin will be determined and 
compared for periods with and without wood
burning. 
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Indoor Exposure Assessment * 

G. W. Traynor, A. V. Nero, J. McCann, S.R. Brown, 
J.e. Aceti, M.A. Apte. D.A. Froehlich, L. Horn, 
E. Saegcbarth, and H.A. Sokol 

The Indoor Exposure Assessment Group (IEAG) 
is part of the Lawrence Berkeley Laboratory's Indoor 
Environment Program. The research within the 
IEAG during FY 1986 had four major research 
themes: 1) to develop a macromodel to characterize 
indoor exposures to harmful pollutants; 2) to 
characterize pollutant emiSSIOns from indoor 
combustion sources; 3) to compile a data base of 
field measurements of indoor pollutants; and 4) to 
conduct human risk assessments associated with 
exposure to indoor air pollutants. Conceptually, pro
jects that are part of the first three research themes 
supply the exposure data needed to assessing health 
risks from indoor air pollutants. 

In FY'86, macromodeling efforts to assess expo
sures to combustion pollutants were conducted; 
semivolatile and nonvolatile organic pollutant emis
sions from unvented kerosene space heaters were 
characterized; the concentration of indoor pollutants 
(CIP) data base was expanded; and a preliminary 
risk assessment of indoor exposures to organic pollu
tants was conducted. 

MACROMODEL TO ASSESS INDOOR 
EXPOSURES 

Accomplishments During FY 1986 

With funds from the Department of Energy, the 
efforts towards developing a macro model to assess 
indoors exposures to combustion pollutants was 
expanded. Brookhaven National Laboratory, Upton, 
NY, (contact Ken Novak), Mueller Associates, Inc. 
Baltimore, MD (contact Linda L. Green), and Ener
getics, Inc., Columbia, MD (contact Ann Smith
Reiser) were all funded separately by DOE's Office 

*This work was supported by the Director, Office of Energy 
Research, Office of Health and Environmental Research, Human 
Health and Assessments Division, by the Assistant Secretary for 
Environment, Safety' and Health, Office of Environmental 
Analysis, and by the Assistant Secretary for Conservation and 
Renewable Energy. Office of Building and Community Systems, 
Building System Division of the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098; by the U.S. Environmental 
Protection Agency through Interagency Agreement DW 
89930753-01-0, I with DOE; by the Gas Research Institute, Chi
cago, IL with DOE; and by the Electric Power Research Institute, 
Palo Alto, California through contract RP2034-14 with DOE. 
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of Environmental Analysis (contact: David Moses) 
to collaborate on the project. 

The macromodel combines many input parame
ters such as combustion appliance market penetra
tion. ,pollutant emission rates and degree of appli
ance venting with appliance source usage models and 
residential building characteristics to develop a dis
tribution of indoor pollutant concentrations of a 
regional building stock. Results will allow the quan
tification of indoor exposures to combustion pollu
tants and will identify high risk groups. 

Work in FY 1986 concentrated on these tasks: 
1) the theoretical development of a macromodel to 
assess indoor exposures to combustion-related pollu
tants, 2) the computerized implementation of the 
theoretical model, 3) the collection, on a national 
scale, of data usable as inputs to the macromodel. 
Tasks 1 and 2 were largely completed in FY 1986 
and Task 3 is an on-going project. 

Planned Activities For FY 1987 

The . development of a macromodel for 
combustion-pollutant exposures will continue in 
FY 1987. Four regions of the 'United States will be 
modeled. In addition, extensive sensitivity analyses 
of the model will be conducted. Finally, field studies 
will be designed to fill major information gaps. 

Tabl~ 1. Nitrated-PAH source strengths from a well
tuned-radiant and a maltuned-convective 
kerosene space heater. 

Compounds 

I-nitro naphthalene 

XAD-2 
Filter 

TOTAL 

9-nitroanthracene 

XAD-2 
Filter 

TOTAL 

3-nitrofluoranthene 
(filter only) 

1-nitropyrene 
(filter only) 

RAD-1,2,4,5 
(ng/h) 

280 

280 

1.9 

44 

RAD-3 
(ng/h) 

140 
3 

140 

3 

56 

8.2 

MCON-1,2 
(ng/h) 

260 
120 

380 

53 
41 

41 



· Table 2. Selected organic pollutant source strength~ from a well-tuned radiant and a 
maltuned convective kerosene space heater. 

COMPOUND CLASS RAD-I,2,4,5 RAD-3 MCON-I,2 
(J.Lg/h) (J.Lg/h) (J.Lg/h) 

PAH: 
Naphthalene XAD-2: 56 230 18 

Filter: 140 

TOTAL: 56 230 160 

C2, Naphthalene 30 
(filter only) 

C3, Napththalene 1.1 4.5 
(filter only) 

Phenanthrene 1.9 16 5.9 
(XAD only) 

Fluoranthene XAD-2: 0.84 
Filter: 0.11 0.07 1.8 

TOTAL: 0.11 0.91 1.8 

Anthracene 2.3 
(filter only) 

Chrysene 0.05 
(filter only) 

Indeno(c,d)pyrene 0.12 
(filter only) 

Total PAH in XAD-2 58 250 24 
Total PAH on filter 1.3 0.2 180 

TOTAL PAH from 
XAD-2 and filter 59 250 200 

Alkyl benzenes: 
XAD-2: 89 61000 840 
Filter: 1.8 17 

TOTAL: 91 61000 860 

Pentachlorophenol: 
XAD-2: 36 48 
Filter: 0.34 1.1 920 

TOTAL: 36 49 920 

Phthalates: 
XAD-2: 1200 3300 3500 
Filter: 7.8 13 1500 

TOTAL: 1200 3300 5000 
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Table 2. (Continued) 

COMPOUND CLASS 

Hydro Napthalenes: 

Decalin 
(XAD-2 only) 

C2, Decalin 
(XAD-2 only) 

CI, Tetralin 

Aliphatic Hydrocarbons: 

Aliphatic Alcohols: 

Aliphatic Ketones: 

Benzoic Acids 
(filter only) 

Aromatic Acid 
(XAD-2 only) 

Fatty Acids 
(filter onlh) 

Esters 
(filter only) 

. COMBUSTION POLLUTANT 
CHARACTERIZA TION 

Accomplishments During FY 1986 

XAD-2: 
Filter: 

TOTAL: 

XAD-2: 
Filter: 

TOTAL: 

XAD-2: 
Filter: 

TOTAL: 

XAD-2: 
Filter: 

TOTAL: 

In FY 1986, semi volatile and nonvolatile organic 
pollutant emissions from un vented kerosene space 
heaters were characterized. I 

In this exploratory study, measurements were 
made of organic pollutant emissions (including some 
PAH and nitrated-PAH emissions) from portable 
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RAD-I,2,4,5 RAD-3 MCON-I) 
(Ilg/h) (Ilg/h) (Ilg/h) 

300 1000 20 

1800 6500 1800 

700 1600 1200 
160 

700 1600 1400 

1500 2900 
9.4 6.4 1400 

1500 6.4 4300 

10000 4900 4900 
5.5 32 590 

10000 4900 5500 

670 4500 
l.l 

670 1.1 4500 

2.3 

630 

14 18 220 

6.4 15 200 

kerosene space heaters that are common in the U.S . 
Two heater/tuning conditions were chosen for this 
study based, in part, on previously reported particu
late emission data. 2 A radiant heater operating 
under well-tuned normal conditions was chosen as 
the first heater/tuning combination to be tested. The 
other heater/tuning combination chosen for testing 
was a convective heater operated under maltuned 
conditions. The convective heater was mal tuned by 
lifting the exterior shell of the heater by approxi
mately one em, thereby providing excess air to the 
wick. 



Each heater ~as operated in a 27 _m3 chamber. 
The heaters were operated intermittently to avoid 
unrealistically high chamber temperatures. For the 
five radiant-heater tests, the heater was operated for 
one hour on, then one hour off, and the cycle was 
repeated four times. The fuel consumption rates for 
the radiant-heater tests averaged 7000 ± 100 kJ/h 
and for the !hiaItuned-convective-heater tests aver
aged 6900±:kJih. Two eight-hour control tests 
were also conducted. 

Nitrated PAH and other organic analyses were 
accomplished with a combined gas chromatograph/ 
mass spectrometer (GC/MS).3 The sample extracts 
were quantitatively analyzed using an on-column
injection, negative-chemical-ionization (NCI) tech
nique4 for the following· nitrated PAHs: I-nitro
naphthalene; 2-nitrofluorene; 9-nitroanthracene; 9-
nitrophenanthrene; 6-nitrochrysene; 6-nitrobenzo 
(a)-pyrene; 3-nitrofluoranthene; I-nitropyrene; 1,3-
dinitropyrene; 1,6-dinitropyrene; 1,8-dinitropyrene; 
2,7-dinitrofluorene; and 2,7-dinitrofluorenone. The 
accuracy and precision of this technique were within 
20%. The analysis of other organic pollutants was 
semiquantative and only accurate to within a factor 
of approximately 3. However, the precision of the 
results is on the order of 30%. 

Teflon-impregnated 100-cm2 glass-fiber filters 
were used to collect nonvolatile and particle-bound 
organic compounds and 100 grams of XAD-2 resin, 
placed behind the glass filter, was used to collect 
semivolatile organic compounds. Samples of similar 
types were combined before organic and nitrated
PAH compound analyses were conducted. XAD 
samples were analyzed seperately from filter samples. 
Samples for radiant tests coded RAD-I, RAD-2, 
RAD-4, and RAD-5 were combined (total chromato
graphable organic test results for RAD-3 were much 
higher than for the other radiant tests) and samples 
from maltuned-convective tests MCON-I and 
MCON-2 were combined. 

For convenience and ease of reporting, results of 
the contribution of a kerosene heater to indoor air 
pollution concentrations will be expressed as pollu
tant source strengths while the heater is on. Pollu-
tant emission rates (expressed in units of mass of 
pollutants per kJ of fuel consumed) can be calculated 
by dividing the source-strength values by 7000 kJ/h. 

Table I lists the source strengths of several 
nitrated-PAHs. I-nitronaphthalene was clearly emit
ted by the well-tuned-radiant and maltuned
convective kerosene space heaters. Nitronaphthalene 
was collected almost entirely on the XAD for the 
radiant-heater tests. For the maltuned-convective
heater tests, thirty percent of the nitronaphthalene 
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was collected on the filter. This is presumably due 
to collection by the heavy loading of fresh soot on 
the filter during the maltuned-convective test. 

Emissions of 9-nitroanthracene were observed in 
the XAD fraction of one of the radiant-heater tests 
and in the filter fraction of the maltuned-convective 
test. (Again, the heavy soot loading on the filters of 
the convective tests may have captured the 9-
nitroanthracene before it reached the XAD.) Emis
sions of I-nitropyrene were also observed in the filter 
fraction of both radiant rest samples, whereas only 
trace amounts of 3-nitrofluoranthene were observed 
in one of the two series of radiant-heater tests in the 
filter-collected fraction. 

Both 3-nitrofluroanthene and I-nitropyrene have 
been observed to be somewhat mutagenic,5,6 but the 
mutagenicity of I-nitronaphthalene and· 9-
nitroanthracene is low.6 Notably missing from Table 
I are the highly, directly mutagenic dinitropyrenes 
(DNPs). The 1,3-DNP; 1,6-DNP; and 1,8-DNP 
combined source strengths were measured by 
another research team to be approximately 0.2 
ng/h.i5 The estimated limit of detection in terms of 
source strengths for DNPs or other nitrated-PAHs 
investigated for this paper was 1.0 ng/h. 

Table 2 presents a partial list of pollutant 
source-strength results for organic pollutants emitted 
from the well-tuned radiant and maltuned convec
tive heaters a complete listing can be found else
where. 1 Although the table contains more informa
tion than can be discussed here, two topics are of 
particular interest: I) the differences in relative 
source strengths among the three test/sample 
categories and 2) the PAH emissions. 

There is a striking difference in relative source 
strengths between the RAD-I,2,4, and 5 tests and the 
RAD-3 test. The alkyl benzene emissions from the 
RAD-3 test were much greater than those from the 
other radiant-heater tests, whereas the aliphatic 
hydrocarbon and aliphatic ketone emissions from the 
RAD-I,2,4, and 5 tests were much greater than those 
from the RAD-3 test. From an experimental point 
of view, all five radiant-heater tests were identical, 
yet the organic pollutant emission rates of the RAD-
3 test are dramatically different from the other radi
ant tests. 

The PAH, phthalate, and aliphatic-alcohol emis
sions for the radiant and convective tests are very 
similar, yet the aliphatic ketone and, particularly, the 
pentachlorophenol emissions are much greater for 
the convective heater than for the radiant heater. 
Since pentachlorophenol was used as a calibration 
standard for this analysis and some pentachloro
phenol was emitted during the radiant-heater tests, 



we must conclude that the convective-heater penta
chlorophenol source strength presented in Table 2 is 
valid, although the authors do not understand how 
such a compound could be produced in a kerosene 
flame. Also of interest is the observation that many 
SVOCs were trapped by the soot-laden filter during 
the convective tests. 

Relatively few PAHs were detected using the 
very broad GC/MS scanning technique employed in 
the study. It is anticipated that other PAHs would 
be found if a more compound-specific technique 
were employed. Our analysis shows napthalene to 
be the primary PAH emission from kerosene heaters. 
Emissions of fluoranthene and indeno(c,d)pyrene, 
two slightly mutagenic compounds,7,8 were also 
found. Previous research from a turbulent diffusion 
continuous-flow kerosene combustor showed that 18 
nonvolatile or particle-bound PAHs were emitted 7; 
napthalene accounted for only 3% of the partide
bound PAHs. The earlier study also found relatively 
few PAHs accounted for most of the indirect 
mutagenic activity of the kerosene-heater soot. Of 
those compounds, only fluoranthene was also 
observed in this study. A more specific study of 
PAH emissions using more sensitive techniques is 
probably warranted. 

Planned Activities For FY 1987 

In FY 1987, an analysis will be conducted on the 
effectiveness of add-on catalytic devices for reducing 
pollutant emissions from kerosene space heaters. In 
addition, field studies will be designed to quantify 
pollutant emission rates and venting rates for 
residential combustion appliances. 

CONCENTRATIONS OF INDOOR 
POLLUTANTS (CIP) DATA BASE 

During the last ten years public and governmen
tal concern regarding indoor air quality in this coun
try and elsewhere has greatly increased. This con
cern has resulted in hundreds of experiments being 
carried out to monitor pollutant concentrations and 
other relevant parameters in a wide variety of build
ing types and geographic locations. 

The results of indoor pollution research have 
been published in a variety of different journals, 
conference proceedings, and final reports. This 
diversity of source material, combined with the rapid 
growth in the amount of research being carried out, 
has made it apparent that a centralized collection of 
these data in an easily accessible form would facili-

tate the transfer and distribution of knowledge 
regarding indoor quality, both within the research 
community, and to other involved entities, such as 
architects, builders and energy utilities. 

The goal of this project is to create a computer
ized data base of field studies devoted to monitoring 
indoor air-quality in occupied buildings in the 
United States and Canada. 

Accomplishments During FY 1986 

In April the first update to Version 2.0 of the 
CIP Data Base was distributed t6 43 users (there are 
currently 90 users). It contained over 40 new entries 
and extensive new summary data, and made the data 
base current through the Fall of 1985. 

In August Version 3.0 of the data base was dis
tributed. There were a number of major improve
ments over Version 2.0, induding conversion from 
dBase II to dBase III (Ashton-Tate), an extensive 
on-line help facility, compilation to a stand-alone 
system using Clipper (Nantucket Software), 
improved performance, and more search capability. 
With the release of Version 3.0, the software 
development phase of the project came to a close, 
with only minor additions and modifications to the 
software anticipated in the future. 

The CIP Data Base (version 3.0) has been imple
mented in a microcomputer environment running 
MS-DOS, using dBase III, and a commercial dBase 
III compiler, Clipper. Periodic updates to the data 
base are distributed to users, also on floppy diskettes. 
The system is shipped to the user on 6 floppy 
diskettes, together with a 45 page user manual, and a 
printout of the bibliographic database, in a 3-ring 

. binder. User support is provided both over the 
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phone by project staff, and via a periodic newsletter 
distributed to all users. 

The CIP Data Base is a stand-alone system, with 
menu-driven functions and on-line help to facilitate 
entry, retrieval, and searching. Both bibliographic 
information, and summary text and data are retriev
able. Some of the available search parameters are 
author, pollutant range, title, keywords, year of pub
lication, geographic region, country, state or pro
vince, building type, building material, instrumenta
tion used, sampling method used, climate, and venti
lation system and rate. 

The CIP Data Base organizes reports of experi
mental work into two components, a bibliographic 
data base, and a data base of summary data and text. 
Each has its own structure, search, and 
retrieval/display capabilities. 



Planned Activities For FY 1987 

An update to the data base will be distributed in 
February, 1987. This will consist of approximately 
40 new entries, making the data base current to 
October, 1986. In addition there will be some minor 
additions and modifications to the data base 
software. 

A technical reference manual, designed to pro
vide a journeyman programmer with enough infor
mation to modify and extend the data base system 
will be released for distribution. It will include file 
specifications, heavily commented source code, a 
subroutine tree, and other useful information. 

RISK ASSESSMENT 

The overall purpose of this work is to character
ize indoor exposures to air pollutants and to exam
ine their health implications. Exposure characteriza
tion and examination of health effects are the dom
inant part of the project. These efforts include stu
dies of the three major pollutant classes to which 
other efforts of LBL's Indoor Environment Program 
have been devoted: combustion products, radon and 
its decay products, and organic chemicals. 

Accomplishments During FY 1986 

In FY 1986, progress was made in the area of 
assessing exposures of and potential risks from 
organic chemicals in indoor air. Increasing experi
ence with so-called "complaint" or "sick" buildings 
suggests the occurrence of adverse effects on humans 
from exposure to organic chemicals in indoor air. 
However, except for a few cases involving such com
pounds as formaldehyde, chlordane, and penta
chlorophenol, the complaints cannot be attributed 
with any certainty to individual chemicals. Further
more, while the experience to data constitutes an 
important indicator of a potential problem, com
plaints are generally limited to acute or lITltant 
effects, such as unpleasant odors, upper respiratory 
or eye irritation, or headaches. Thus complaints 
rarely serve as effective indicators of more 
lifethreatening endpoints, such as cancer or repro
ductive effects, if only because individuals are not 
likely to be able to associate such toxic effects with 
the air inside the buildings they occupy. 

These limitations on our experience with com
plaint buildings have so far precluded either: I) 
assessment of the overall importance of organic 
chemicals indoors as a cause of any class of toxic 
effects or 2) identification of the most important 
contributors to such effects. Nonetheles~, substantial 
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data are available, primarily from other kinds of stu
dies, on the toxic effects of many of the chemicals 
that occur indoors. Effective utilization of informa
tion from animal and human toxicology can help to 
narrow the focus of future studies by targeting high
risk chemicals and by identifying toxic effects to be 
examined in epidemiological studies. Such studies 
may include surveys in complaint (and control) 
buildings, as well as epidemiological studies designed 
to detect the association between particular chemi
cals and the more serious toxic effects, such as 
cancer and reproductive effects. Considering the 
many chemicals present in indoor air, at widely 
varying concentrations, and the limitations in sensi
tivity of epidemiological studies, success can only 
occur by targeting groups that are highly exposed to 
chemicals of particular concern. The full range of 
toxicological data should be brought to bear as a 
basis for indicating which chemicals (or chemical 
classes) are worthy of attention, as well as for indi
cating before hand the potential importance of vari
ous classes of effects. 

In this study we have examined the current 
literature reporting concentrations of organic chemi
cals in indoor environments and have constructed a 
nominal list of 144 chemicals found indoors. We 
have then surveyed the known toxicological proper
ties of these chemicals, relying primarily on results 
from animal studies. Based on the animal data, we 
have made rough estimates of the concentrations in 
air that might be expected to cause equivalent toxic 
effects in humans. We have compared these to 
measured concentrations in indoor air as an approxi
mate index of the significance of indoor exposures. 

Table 3 lists those 44 compounds, among the 
144 examined, for which the ratio of measured air
borne concentrations to the lowest estimated concen
tration observed to elicit an effect in animals is less 
than one thousand. Twenty seven of these com
pounds are carcinogens, 17 are reproductive toxins, 
and 24 are miscellaneous systemic toxins or irritants. 
Because of the lack of a demonstrated threshold for 
carcinogenesis, we have listed all carcinogens in the 
table, regardless of whether the ratio was greater than 
1000. However, there is great uncertainty involved 
in predicting risk from exposure to carcinogens at 
concentrations many orders of magnitude below 
those which have elicited observed effects. We have 
therefore indicated those carcinogens where the ratio 
was greater than 1000 by parentheses. 

A quantitative risk assessment was performed for 
the 24 carcinogens with data available which were 
suitable for such an analysis. 9•10 We compared risks 
from exposure to individual compounds using 
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Table 3. All carcinogens, and other chemicals causing toxic effects detected in animal experiments at doses less 
than 1000 times maximum indoor air concentrations. 

Compound Carcinogenesis I Reproductive Misc. Systemic Toxic 
Effects Effects or Irritation 

Acetaldehyde I+J + + 
Acetone + 
Acrolein + + 
Aldrin + 
Benzene + + + 
Benzo[a[pyrene (+) 
n-Butanol + 
Carbon tetrachloride (+) 
Chlordane + + 
Chloroform + + 
Chlorpyrifos + 
Cyclohexane + 
Diazinon + 
Dibenz[a,h [anthracene (+) 
1,2-Dibromoethane (+) 
Dibutylphthalate + 
I,I-Dichloroethane (+) 
1.2-Dichloroethane + 
Dichloromethane + + 
Dichlorvos [+[ + 
Dieldrin (+) 
Di(2-ethylhexyl)phthalate + + 
Dimethylacetamide + + 
Dimethylnitrosamine + + 
Ethanol (+) 
Ethylamine + 
Ethyl benzene + + 
Formaldehyde + + + 
Heptachlor + + 
Hexane + 
Hydrogen cyanide + 
Lindane + + 
Malathion [(+)[ 
Methanol + 
N-Nitrosopyrrolidine (+) 
PCBs (Arochlor 1260) (+) 
Pentachlorophenol + 
Styrene (+) 
Tetrachloroethylene + + + 
1.1,1-Trichloroethane [(+ )[ 
Trichloroethylene (+) + + 
1.2,4- and 1.3.5-

Trimethylbenzene + 
1,1,3-Trimethylcyclohexane + 
n-Undecane + 
Venylidene chloride + + + 
Q-X:rlene + 

I Parentheses ( ) indicate that the lowest effective dose administered in the carcinogenisis test used to estimate risk, after adjust
ing to an 'equivalent' airborne concentration (see Methods), was> 1000 times the maximum indoor concentration recorded in 
Table I. Brackets [[ indicate data exist suggesting the compound may be have carcinogenic potential, but the evidence was either 
equivocal. or the route of administration was either skin painting or subcutaneous, which we chose not to use in estimating risk. 
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several different estimation procedures, and found 
that by all of these procedures, individual lifetime 
risk estimates for seven carcinogens (benzene, chlor
dane, dichloromethane, formaldehyde, lindane, tetra
chloroethylene, and vinylidene chloride) were> 10-3 

at indoor air concentrations not untypical of some 
residential exposures. At mean or median concen
trations;- risk for only formaldehyde and 
dichloromethane were> 10-3. 

Lack of data on concentrations of chemicals in· 
the indoor environment represents a major limita
tion of our analysis. For virtually no organic com
pounds (formaldehyde is to some degree an excep
tion) do we have sufficient direct information to 
state with much certainty what the frequency distri
bution of concentrations is, nor are we able to cite 
average exposures with any accuracy. 

The importance of knowing the frequency distri
bution is underlined by a limited analysis using 
results from one 15-home study!! that measured 
indoor concentrations in homes of a number of com
mon indoor pollutants, including 9 carcinogens. For 
5 of these carcinogens (benzene, formaldehyde, car
bon tetrachloride, tetrachloroethylene, and tri
chloroethylene) we have calculated the percent of the 
exposed population in these homes that would be 
expected to be at greater than I in a thousand life
time risk of cancer. Results of these calculations are 
in Table 4 (see table legend for the method of calcu
lations). Three risk estimates are shown for each 
chemical: the maximum likelihood (MLE); the 

corresponding 95% lower confidence interval esti
mate (LCL); and an estimate calculated from the 
standardized value, the TD50!2 , assuming linearity. 
All 3 estimates suggest that I % or more of the popu
lation are at > 10-3 risk from exposure to benzene. 
The estimates for formaldehyde vary from an 
extremely small fraction up to more than 99% of the 
population, the variability being primarily due to the 
extreme non-linearity of the formaldehyde carcino
genesis dose-response in rats. 

If the geometric standard deviations of indoor 
concentrations of various carcinogens are similar, the 
relative risks of chemicals based on the per-cent of 
the exposed population at high risk will be consistent 
with estimates of individual risk based only on mean 
risks. 

However, as seen in Table 4, the geometric stan
dard deviations of these compounds are not all the 
same. Hence, rankings based on mean risk and % at 
high risk may be very different. For example, using 
the MLE estimates in Table 4, the ratio of risks from 
exposure to trichloroethylene and carbon tetra
chloride are 1.9 using the maximum concentrations 
and 0.44 using the mean or median concentrations. 
These do not differ greatly, varying over a range of 
only about 4, and both are close to unity. However, 
a very different picture of the ratio of risks is seen 
from the % at high risk values in Table 4. The MLE 
risk from exposure to trichloroethylene is 0.014%; 
and the z-value of 5.67 for risk from exposure to car
bon tetrachloride corresponds to a risk of about 

Table 4. Percent of exposed population at greater than 10.3 risk. 

Concentration Dist. of Concentration for 10-3 Risk2 Percent of Population at 
Chemical (lLg/m3)1 (lLg/m 3) > 10.3 Risk3 

GM GSD MLE LCL TDSO MLE LCL TDSO 

Benzene 37 2.48 30S 190 240 1.0 3.6 2.0 
Formaldehyde 22.9 1.73 342 79 S.S z=4.93 1.2 >99.0 
Carbon tetrachloride 6.03 1.87 210 146 180 z=S.67 z=S.09 z=S.42 
Tetrachloroethylene 16.2 2.28 S80 446 120 z=4.34 z=4.02 0.7S 
Trichloroethylene 12.7 3.47 1170 880 630 0.014 0.03 0.08 

I Geometric mean (GM) -and geometric standard deviation (GSD) were calculated from the data of DeBor
toli. et al (198S). 

2 The maximum liklihood estimate (MLE) and 9S% lower confidence limit on dose (LCL) were estimated 
using GLOBAL82; values in the TDSO column were calculated from the TDSO, assuming linearity. The unit 
risk factors derived by EPA were not used in this table because we did not wish to assume linearity would 
necessarily be a valid assumption up to the 10-3 risk level. 

3 To determine this fraction we used Normal Probability Error Function tables. For example, for benzene 
MLE estimate: (In 30S - In 37)/ln 2.48 = 2.32 = z. This, in the error function table, corresponds to 0.4898. 
Thus, the fraction of the which population distribution above 30S lLg/m3 is O.S - 0.4898, or about I %. The 
value ofz has been listed instead of percent for all z > 3.9 (percent < 0.01). 
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7.1 X 10-7
. The ratio of these is almost 20,000, leading 

to a very different picture of the relative risks from 
exposure to these two chemicals. This is because the 
geometric standard deviation for trichloroethylene 
(3.47) is much greater than that for carbon tetra
chloride (1. 8 7). 

Similar observations may be made for other 
pairs of carcinogens. Formaldehyde and benzene 
provide another example. Based on analysis of 
mean individual risk (using 95% upper confidence 
interval estimates), formaldehyde poses at least 10 
times more risk than benzene. However, based on 
the % at high risk analysis, benzene poses a high risk 
to 3 times more people than formaldehyde because 
of the relatively narrow distribution of formaldehyde 
among the DeBortoli homes, II as compared to ben
zene. 

Planned Activities For FY 1987 

We plan to refine the carcinogenic risk assess
ments on compounds of possible significance in the 
indoor environment identified in this fiscal year, and 
extend the analysis to include reproductive toxins. 
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Ventilation and Indoor Air Quality 
Control* 

W.J. Fisk, P.H. Wallman, and R.J. Mowris 

The Ventilation and Indoor Air Quality Control 
Group conducts research on technologies for limiting 
indoor pollutant concentrations -- these technologies 
include methods of: I) ventilation; 2) air cleaning; 
and 3) minimizing or reducing pollutant source 
strengths. The goals of the research are to evaluate 
existing and proposed technologies and, also, to 
develop new technologies. To evaluate a control 
technology we consider primarily its impact on 
indoor pollutant concentrations, the energy require
ments or savings associated with the technology, and 
the associated costs. The research is performed 
through a combination of laboratory experiments, 
field studies, modeling, and reviews of literature. 

During FY 1986, computer models were 
developed and utilized to study a technique of 
residential exhaust ventilation in which heat is 
recovered from exhausted air using a small heat 
pump. These models provided information on sys-

12 '1' tem energy and economic performance' , ventI ahon 
rate as a function of time l,2, and on the impact of 
exhaust ventilation on both the entry rate of radon 
and the indoor radon concentration.2,3 Experimental 
evaluations of this technology were also initiated 
during the year. Another area of research during FY 
1986, involved the use of multiple tracer gases to 
measure ventilation rates, air-flow patterns, and the 
pattern of distribution of outside air primarily in 
commercial buildings.4 A simple two-tracer system 
was also developed for measurement of ventilation 
rates in residences. The third major effort during the 
year5, was to update and synthesize a prior review of 
the state of knowledge regarding control of indoor air 
quality. 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings and Communi
ty Systems, Building Systems Division .of the U.S. Department of 
Energy under contract DE-AC03-76SF00098 and by the Bonne
ville Power Administration through the U.S. Department of En
ergy under contract DE-AC03-76SF00098. 
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ACCOMPLISHMENTS DURING FY 1986 

Energy and Economic Performance of 
Residential Exhaust Ventilation With Heat 
Recovery 

In the majority of U.S. houses, ventilation 
occurs by the uncontrolled leakage of air (infiltra
tion) through penetrations in the building envelope 
and by air flow through open windows and doors. 
Through the tightening of building envelopes and the 
use of mechanical ventilation, one gains a high 
degree of control over the ventilation rate and 
recovery of energy from the outgoing air becomes 
possible. During the past five years, one method of 
providing controlled ventilation to residences has 
seen increasing use. In this method, equal amounts 
of air are mechanically supplied and exhausted using 
fans and energy is transferred between the incoming 
and outgoing airstreams in a residential air-to-air 
heat exchanger. In another technique, that is now 
being introduced in the U.S., air is exhausted at a 
controlled rate and makeup air is drawn into the 
building through unplanned cracks and holes and 
through adjustable-sized, strategically placed slot 
ventilators installed in the walls. A small heat 
pump, referred to as an exhaust-air heat pump, 
extracts heat from the exhaust airstream and 
transfers this heat, plus the energy consumed by the 
heat pump's compressor, to the domestic hot water 
whenever there is a need for water heating. An 
optional fan coil unit, provides a portion of the 
space heat using the hot water as a heat source. By 
increasing the demand for water heating, the fan coil 
unit causes an increase in heat pump operation and, 
thus, an increase in heat recovery from the exhaust 
airstream. 

One component of our FY 1986 effort to study 
exhaust-air heat pumps was the completion of 
modifications to a computer model of all-electric 
residences with this type of ventilation system. Both 
a "standard" house with a typical amount of thermal 
insulation and double-pane windows, and a highly 
insulated "Model Conservation Standard" (MCS) 
house with triple-pane windows were modeled. For 
purposes of comparison, we also modeled houses 
ventilated by infiltration and by a residential air-to
air heat exchanger. Through yearly simulations with 
a 7.5 minute time step, energy usage and ventilation 
rate as a function of time were predicted. A second 
model was used to make economic comparisons 
between the mechanically-ventilated houses and the 
less airtight, but otherwise identical, houses ven
tilated by natural infiltration. 



As expected, the computer simulations indicate 
that ventilation rates are much more stable in the 
more air tight, mechanically-ventilated houses. 
Periods of low ventilation during mild weather and 
periods of high ventilation during severe weather are 
avoided. 

Predicted energy savings for the mechanically
ventilated houses with a median ventilation rate of 
0.5 air changes per hour (ach) relative to houses ven
tilated by infiltration with a median ventilation late 
of 0.7 ach are presented in Table 1 for three loca
tions. The 0.5 ach ventilation rate for mechanically
ventilated houses is a typical target value. The 0.7 
ach median ventilation rate selected for the 
naturally-ventilated house is comparable to the 
estimated average ventilation rate in existing U.S. 
houses. In addition, to limit periods of very low 
ventilation rate (e.g., less than 0.25 ach), a higher 
average ventilation rate is required in houses that 
depend on natural infiltration. The energy savings 
range from 1200 to 7000 kilowatt-hours (kwh) per 
year and depend substantially on climate and the 
method of mechanical ventilation. The exhaust-air 
heat pump systems generally save more energy than 
the air-to-air heat exchangers, particularly in 
moderate or mild climates. Sensitivity studies l ,2 

indicate that the energy savings will depend substan
tially on total hot water usage, nominal heat pump 
capacity, and heat pump coefficient of 
performance-typical values for these parameters 
were used to generate the results in Table 1. 

To perform the economic analysis of the 
mechanical ventilation strategies, we used: 1) the 

energy savings summarized in Table 1; 2) estimates 
of the costs of the mechanical ventilation systems 
and of the cost for maintenance; 3) current electri
city prices and an assumed price escalation rate that 
equals the rate of inflation; and 4) a real (above inf
lation) discount rate of 5% as inputs to a computer 
program. Two standard economic parameters, the 
cost of conserved energy (CCE) and the net present 
benefit (NPB) were computed. The predicted values 
for CCE are presented in Table 1 and range from 3.8 
to 7.5 cents per kwh which is comparable to or lower 
than typical U.S. electricity prices and generally 
much lower than the cost of generating electricity 
from new power plants. However, electricity prices 
in the three cities chosen for the simulations, where 
electric space and water heating are common, are 
substantially below the national average. Therefore, 
the predicted values l for NPB, which indicate the 
present value to the home owner of investing in 
mechanical ventilation, are always negative for 
Memphis (the most negative NPB is -$1350), always 
slightly positive for Minneapolis (maximum NPB is 
+$800) and slightly positive or negative for Portland. 

To summarize the energy and economic results; 
we predict that the residential mechanical ventilation 
systems, particularly those which incorporate an 
exhaust-air heat pump, can save substantial amounts 
of energy and provide ventilation at a stable rate. 
The economic benefits or costs of mechanical venti
lation relative to natural infiltration depend highly 
on climate and energy prices. 

Table 1. Predicted yearly energy savings in kilowatt-hours and (in parenthesis) 
the cost of conserved energy in cents per kilowatt-hour for 
mechanically-ventilated houses with a median ventilation rate of 0.5 
ach relative to naturally ventilated houses with a median ventilation 
rate of 0.7 ach. 

Location/ Exhaust Vent. Exhaust Vent. & Heat Air-to-Air 
House Type & Heat Pump Pump & Fan Coil Heat Exchanger 

Portland/MCS 3900(5.4) 4700(5.7) 2700(5.2) 

Minneapolis/MCS 4900(4.3) 6200(4.3) 4700(3.0) 

Memphis/MCS 3100(6.8) 3500(7.5) 1200(11.4) 

Portland/STO 4200(5.2) 5400(4.9) 3100(4.6) 

Minneapolis/STD 5000(4.2) 7000(3.8) 4900(2.8) 

Memphis/STO 3200(6.6) 4100(6.5) 1500(9.2) 

MCS = highly insulated house with triple-pane windows 

STO = typically insulated house with double-pane windows 
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Residential Exhaust Ventilation and Indoor 
Radon 

Another FY 1986 modeling effort focussed on 
the impact of mechanical exhaust ventilation on 
both the rate of radon entry into residences and the 
indoor radon concentration.2,3 Exhaust ventilation 
depressurizes a house slightly and, therefore, can 
increase the entry rate of radon-laden soil gas 
through penetrations in a slab floor or basement 
above that normally caused by wind and the stack 
effect. (The stack effect results from the lower den
sity of heated· indoor air and causes indoor air pres
sures at floor level to be lower than outdoor pres
sures at the same level. Wind generally leads to a 
slight depressurization within the entire house.) 
Through its impact on the indoor pressure, exhaust 
ventilation can also increase the draw of crawl-space 
air, which may contain a substantial amount of 
radon, into a house through penetrations in the floor 
located above the crawl space. 

Since there are insufficient measured data to 
relate exhaust ventilation and indoor radon, theoreti
cal models were developed and utilized to examine 
this relationship. Due to the complexity of the 
models, only a general description, selected equa
tions, key assumptions, and examples of model out
puts are presented here. The models are utilized to 
estimate the impacts of exhaust ventilation in two 
hypothetical houses. The first house has a full crawl 
space and an exhaust ventilation rate (when exhaust 
ventilation is employed) of 125 m3/h. We assume 
that the effective leakage area of this house, which is 
a standard indicator of the resistance to air flow 
through the building envelope, is distributed uni
formly between walls, ceiling, and floor in propor
tion to their respective areas and that the crawl space 
walls contain vents for passive ventilation. The 
second hypothetical house contains a full basement, 
has twice the volume of the house with a crawl 
space, and, when exhaust ventilation is employed, is 
exhaust ventilated at 250 m3/h. It is assumed that 
the only significant penetration between the base
ment and the soil is a wall-to-floor joint which 
extends around the entire perimeter of the basement 
floor. The permeability of the soil surrounding the 
basement is also assumed to be uniform. 

The analysis is performed for an indoor-to
outdoor temperature difference of 20°C and a wind 
speed of 3 m/s. The first step is a calculation of the 
ventilation rate of the house using the LBL infiltra
tion model.6 The magnitude of the pressure differ
ence which drives flow from the crawl space or soil 
to the building's interior is then estimated, taking 
into account the impacts of wind, the indoor-to-
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outdoor temperature difference, and exhaust ventila
tion. The component of the total pressure difference 
which results from exhaust ventilation (LlPe) is 
expressed simply by the equation 

_ P [ Qe ] 2 
LlPe -"2 ELA (1) 

where p is the density of the indoor air, Qe is the 
exhaust flow rate, and ELA is the total effective leak
age area of the house. 

The third step of the analysis is a computation of 
the flow rates of crawl-space air or soil gas into the 
house. For a crawl space, this flow rate (Qcs) is 
easily estimated by using the equation 

[ 
2LlPcs ] 1/2 

Qcs = ELAr -p- (2) 

where ELAr is the effective leakage area of the floor 
and LlPcs is the total pressure difference across the 
floor above the crawl space. In the model for a 
house with a basement, a much more complex pro
cedure, which accounts for the resistance to flow 
through both the soil and the wall-to-floor gap, is 
used to estimate the entry rate of soil gas into the 
basement. 

The fourth step, a calculation of the rate of 
pressure-driven flow of radon into the house, is 
based on assumed values for radon concentrations in 
the crawl space or in soil gas. The pressure-driven 
flow of radon is, therefore, a simple product of the 
assumed radon concentration and the appropriate 
flow rate. 

The final step is to use a single-zone, steady 
state, mass balance equation to compute the indoor 
radon concentration, Rnj, i.e., 

(3) 

where: ad is the rate of radon diffusion into the 
house (which is assumed to equal zero), ar is the rate 
of pressure driven flow of radon into the house, Av is 
the ventilation rate, V is the house volume, and Rno 
is the outdoor radon concentration which is as~umed 
to equal 0.25 pCijl. For a house with a basement, 
the "Qcs" term in Equation 3 is replaced by the rate 
of soil gas entry into the basement. 

The results generated with these models are 
thought to be generally representative, and some 
favorable comparisons between modeled results and 
measured data have been presented. 3 However, in 
instances where the basic assumptions of the model 



do not correspond to actual conditions, the trends 
indicated by the model may deviate substantially 
from actual trends. Two key assumptions, that may 
lead to discrepancies, are the physical characteristics 
of the penetrations between the basement and the 
soil and the assumption of a uniform soil permeabil
ity. In regard to the second assumption, the permea
bility of the soil immediately adjacent to the base
ment is clearly a key factor. Also, if the ratio of 
exhaust flow rate to effective leakage area differs sub
stantially from that assumed for the example calcula
tions presented here, the amount of depressurization 
caused by exhaust ventilation and the impact on 
indoor radon will also change substantially. 

Examples of results from the analysis of a house 
with a vented crawl space are presented in Table 2 
and indicate that exhaust ventilation plus house 
tightening, which includes tightening of the floor, 
will lead to significantly lower indoor radon concen
trations and less flow from the crawl space to the 
house. The tightening of the floor more than coun
teracts the increased driving force caused by exhaust 
ventilation. However, if this floor is not tightened 
exhaust ventilation could, in some situations, lead to 
an increase in indoor radon concentrations. Our cal
cUlations indicate that much of the air that enters a 
crawl-space house during the heating season, will 
enter through the floor above the crawl space even if 
exhaust ventilation is not employed. Therefore, the 
indoor radon concentration will often be comparable 
to the concentration of radon in the crawl space and 
ample ventilation of crawl spaces is recommended 
for houses with and without exhaust ventilation if 
radon is a potential problem. A major conclusion of 
this analysis is that exhaust ventilation is generally 
suitable (but not optimal) from the perspective of 

indoor radon, for houses with a full vented crawl 
space as long as the floor does not have a dispropor
tionate fraction of the total effective leakage area. 

The results for a house with a basement are 
more complex and only the major results are 
described here. The model indicates that the rate of 
pressure-driven flow of soil gas into a basement of 
both exhaust-ventilated and naturally-ventilated 
houses will be only a few hundred liters per hour if 
the soil permeability is lower than approximately 
10-7 cm2. These low soil gas flow rates will signifi
cantly affect the indoor radon concentration only if 
the soil gas radon concentration is unusually high 
(e.g., several thousand. pCi/I). If the soil permeabil
ity is less than approximately 10-8 cm2 (e.g., clay, 
silt, or silty sand and gravel soils), pressure driven 
flow of soil gas into a house should not cause prob
lems even when soil gas radon concentrations are 
unusually high. Therefore, exhaust ventilation 
appears to be a suitable technology for houses with 
basements that are surrounded with a low
permeability soil. The presence of a layer of highly 
permeable aggregate immediately beneath the base
ment floor, is one factor that might alter this conclu
sIon. 

On the other hand, this analysis indicates that 
exhaust ventilation combined with house tightening 
could lead to substantial increases in the soil gas 
entry rate and indoor radon concentration if the 
basement is surrounded with soil that has a permea
bility greater than approximately 10-6 cm2. There
fore, exhaust ventilation is hot recommended for 
houses with basements located in highly permeable 
soils unless some process, such as a major reduction 
in the size and number of penetrations through the 
slab, is employed to limit soil gas entry. 

Table 2. Examples of predicted indoor radon concentrations, flow rates from the crawl space to the house, and 
related parameters for a house with a vented crawl space, with and without exhaust ventilation. 

Total Floor Exhaust Air Exchange Pressure Diff. Flow Rate Indoor Rn Conc., pCijl 
ELA ELA Flow Rate Rate Across Floor Through Floor with 
cm2 cm2 m3/h h·1 pa m3/h Rncs=5 Rncs=IO Rncs=50 

710 246 0 0.58 1.69 148 4.2 8.4 41.7 
460 159 0 0.38 1.69 96 4.2 8.4 41.7 
250 86 0 0.20 1.69 52 4.2 8.4 41.7 
250 86 125 0.46 2.85 68 2.5 5.0 24.3 

< ------Inputs to Model------> < ---------------------------------------Outputs from M odel---------------------------------------> 

*Values for Rnes, the radon concentration in the crawl space, are inputs to the model. 

3-27 



Tracer-Gas Techniques 

A number of experimental techniques, which 
involve the injection of tracer gases into either the 
indoor air or the stream of incoming outdoor air, 
can be used to study building ventilation. Multiple 
tracer gases are particularly useful if the building has 
distinct (physically separated) zones or multiple ven
tilation systems since a different tracer can be used 
in each zone or with each ventilation system. The 
tracer gas techniques can provide information on the 
following aspects of building ventilation: I) the rate 
of entry of outdoor air; 2) the overall pattern of air 
flow between the 10catiQns where air is supplied and 
removed; and 3) the spatial pattern of outside air 
distribution throughout the building. Each of these 
factors can significantly affect indoor air quality and 
building energy consumption. 

During FY 1986, we continued development of a 
multi-tracer experimental system suitable for use in 
commercial buildings. A two-tracer system for 
measuring weekly-average ventilation rates In 

residences was also developed and tested. 
For tracer gas studies in commercial buildings, 

we abandoned plans4 to use a sampler that automati
cally collects small samples of indoor air as a func
tion of time (e.g., every 10 minutes) and which stores 
these samples for analysis at a later time in the' 
laboratory. Tests indicated that a small amount of 
leakage would occur between different samples after 
extended use of the sampler. A procedure was 
adopted which involves the placement of gas 
chromatographs in the building for real-time meas
urement of tracer gas concentrations in the air
streams associated with the ventilation system. 
These real-time measurements will be complemented 
by time-integrated samples collected in small bags 
from specific locations in the occupied space. Dur
ing the past year we acquired enough instrumenta
tion for real-time measurements with three tracer 
gases, developed an improved system for calibrating 
the instruments, and developed and tested a tech
nique for collecting time-integrated samples in sam
ple bags. 

For studies in residences that have a basement, a 
two-tracer system was also developed and tested. 
Typically, one tracer gas is injected at a constant rate 
into the basement and a second tracer is injected at a 
constant rate into the remainder of the house. Air 
samples are collected at a constant rate in sample 
bags, 'and at approximately one-week intervals the 

. sample bags are removed from the samplers and 
replaced. The analysis of tracer gas concentration is 
performed in the laboratory. 
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Both the tracer injection units and the samplers 
are relatively simple devices which contain peristaltic 
pumps, tubing, and special sample bags as major 
components. Although a variety of tracer gases 
could be used, we selected sulfur hexafluoride (SF6) 

and bromotrifluoromethane (CBrF3) for an upcom
ing field study. Two tests of this measurement sys
tem were conducted in a well-mixed test space with a 
known ventilation rate. Multiple samplers and four 
tracer gases were used during each test. For the two 
tracer gases selected, measurement precision was 
approximately 5% and the maximum inaccuracy was 
approximately 20%. 

PLANNED ACTIVITIES FOR FY 1987 

During FY 1987, research will continue in the 
same basic areas. Laboratory evaluations of three 
exhaust-air heat pumps will be completed and the 
data obtained will allow us to verify and refine our 
computer model of exhaust ventilation with heat 
recovery. Additional data for model verification and 
refinement will be obtained from a field study con
ducted by others. In regard to tracer gas studies, we 
plan to use a three-tracer system to study ventilation 
in selected commercial buildings. Experiments will 
also be performed to evaluate the extent to which the 
tracer gases are thermally decomposed when they are 
drawn through a lighted cigarette or when a natural 
gas or electric range is operating. The potential for 
tracer decomposition into harmful products has not 
received sufficient study. Additional research may 
be initiated in other areas if funding is received. 
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The Energy Performance of Buildings Group 
(EPB) carries out fundamental research into the ways 
energy is expended to maintain desirable conditions 
inside buildings. Our results form the basis of design 
and construction guidelines for new buildings and 
retrofit strategies for existing buildings. Our primary 
areas of research are air infiltration and retrofit 
research. In this article, the work carried out over 
the last year is split into five overlapping sections: 
1) building energy retrofit research, 2) air infiltration, 
3) International Energy Agency support, 4) air leak
age, and 5) appliance performance testing. The 
emphasis in our work is on whole building perfor
mance. We collect, model , and analyze detailed data 
on the energy performance of buildings, including 
the micro-climate, the building's thermal characteris
tics, the mechanical systems, and the behavior of the 
occupants. Because of the multidisciplinary 
approach we work closely with other groups, both at 
the Laboratory and elsewhere. 

BUILDING ENERGY RETROFIT 
RESEARCH (BERR) 

While new buildings-both residential and 
commercial-are responding to higher energy prices 
and stricter energy codes by becoming more energy 

*This work was supported by the Assistant Secretary for Conser
va tion and Renewable Energy, Office of Building and Community 
Systems, Building Systems Division of the U .S. Department of 
Energy under Contract No. DE-AC03-76SF00098, and by the Pa
cific Gas and Electric Company. 
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efficient, the existing stock represents a large area for 
energy conservation activity. Of the three buildings 
sectors (single-family, multifamily, and commercial) 
multifamily has had the least activity, and presents 
some of the greatest challenges. Over one quarter of 
the U.S. housing stock is in multifamily buildings. 
The Office of Technology Assessment estimates that 
while current levels of retrofit activity in multifamily 
buildings are likely to save 0.3 quads of energy (320 
petajoules) by the year 2000, the potential savings 
are more than three times as much. I The reasons for 
this untapped energy savings are complex, and 
involve institutional and technological barriers. 
While we know something about the performance of 
retrofits in single-family houses, we know very little 
about retrofits in multifamily buildings. The meas
ured savings from retrofits are typically 25-50% less 
than the predicted savings, with a large spread 
around the mean . 

The Building Energy Retrofit Research project 
was initiated to address these problems in all three 
building sectors. The Department of Energy has 
designated LBL as the primary lab for carrying out 
research in the multifamily sector. 

Accomplishments During FY 1986 

The BERR multifamily work can be broken 
down into six areas: (1) planning and sector charac
terization, (2) development of a monitoring protocol, 
(3) monitoring retrofit performance in multifamily 
buildings, (4) developing new diagnostic techniques, 
(5) studying behavior of occupants, owners, and 
managers, and (6) analysis of utility billing data. In 
addition to these six areas we have been working on 
a project in new Swedish multifamily buildings and 
continuing our investigation of innovative retrofits 
in single-family housing. 

Planning and Sector Characterization 

Two planning documents were published this 
year, one dealing with multifamily retrofit research 



and the other with federally-assisted housing. 2,3 Both 
characterize the existing building stock, discuss bar
riers to retrofit activity, outline previous activities 
and identify research needs. A cost benefit analysis 
was made for all of the multifamily research projects. 
The multifamily plan was done in conjunction with 
similar documents on the single-family and commer
cial sectors written by Oak Ridge National Labora
tory (ORNL). The document has input from over 
forty organizations, and has had a preliminary 
review by a dozen organizations. The federally
assisted housing plan has input from several public 
housing authorities and substantial review and com
ment from HUD. 

Monitoring Protocol 

The need for a standardi,zed set of procedures for 
monitoring buildings led to the development of a 
monitoring protocol. An early draft was used to 
specify the procedures used for tests in Chicago and 
Minneapolis/St. Paul. The experience gained has 
been incorporated into subsequent drafts.4 The 
objective of the protocol is to provide a comprehen
sive consensus standard for data collection and 
evaluation of retrofit performance. A compilation of 
commercially-available monitoring instrumentation 
has also been prepared. 

Retrofit Monitoring 

The purpose of monitoring is to evaluate the 
installation and performance of retrofits in occupied 
buildings. We are studying the effects of building 
operation and maintenance and looking at potential 
health and safety hazards associated with retrofits. 

An important aspect of our BERR research is 
that the work is being done in collaboration with 
local groups and agencies. Groups we are currently 
working with include the San Francisco Public Hous
ing Authority, the Center for Neighborhood Technol
ogy in Chicago, the Energy Resource Center in ~t. 
Paul the Minneapolis Energy Office, and the Mm
neso~a Department of Energy and Economic 
Development. 

The buildings we have been monitoring range 
from 7 units to 26 units , and are two or three stories 
high. The buildings are all heated by natural gas, 
with gas boilers for hot water. The buildings are 
between forty and sixty years old, and are representa
tive of a significant fraction of the multifamily build
ing stock in their areas. Figure I shows one of the 
apartment buildings. 

The retrofits involve changes to the building 
shell , the heating system, and the domestic hot water 
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Figure 1. Exterior elevation of an apartment building (Bos
worth) where we are investigating the performance of occu
pant behavior on energy retrofits. (BBe 867-5761) 

system. Descriptions of these retrofits are given else
where. 5 The retrofit selection and installation was 
determined by the collaborating agencies. Because of 
their schedules it was not always possible to monitor 
both before and after the retrofit. In several build
ings, different retrofits were added at the same time, 
so isolating the effect of all the individual retro~ts 
may not be feasible. Diagnostic tests were carned 
out on certain retrofits to determine if short-term 
measurements can provide answers validated by the 
long-term monitoring. 

New Diagnostic Techniques 

In addition to the long-term monitoring work 
there has been development of short-term diagnostic 
tests. The project focused on a one-week investiga
tion of a 7-unit apartment building in Minneapolis, 
working in conjunction with the Minneapolis Energy 
Office. There were measurements of air leakage in 
the apartments and an evaluation of the building's 
original steam boiler. A measurement using tracer
gas was made of a vent damper retrofit installed on 
the boiler.6 

The air leakage tests have been further tested in 
buildings in Massachusetts, California, and Illinois. 
Though the tests have been simplified, the procedure 
is still complex. A description of this and other aIr 
leakage diagnostic techniques was distributed for 
review. 7 

Behavior Studies of Building Occupants, Owners, and 
Managers 

An important aspect of retrofit performance is 
understanding the behavioral aspects. Building own-



ers have to make decisions on what retrofits to 
select, residents modify the retrofits to suit their 
needs, and building managers take actions that affect 
the performance of the retrofits. 

We have conducted surveys of occupant 
behavior on retrofit performance in multifamily 
buildings in California and Illinois. Forty-eight 
households in low-income apartments in San Fran
cisco were interviewed about their energy and hot 
water consumption. Data from these surveys were 
used to predict hot-water consumption that was in 
close agreement with that measured,s as shown in 
Figure 2. 

Residents in two Chicago apartment buildings 
were surveyed about their behavior relating to venti
lation and energy use. Figure 3 shows typical varia
tions in the temperatures in six apartments over a 
two-day period. Such findings are useful in adjusting 
the central heating system. 9 

Analysis of Retrofit Performance from Utility Billing 
Data 

Our work in utility data collection and analysis 
has concentrated on federally-assisted housing, where 
we have been analyzing the performance of retrofits 
in public housing. Utility billing data along with 
information on building characteristics and retrofit 
strategy have been collected for over forty public 
housing projects. The study shows the energy sav
ings and cost-effectiveness of the retrofits. 10 
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Figure 2. Predicted versus measured domestic hot water 
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Figure 3. Temperature data for six apartments at Bosworth 
during February to- II, 1986. (XBL-867-2749) 

Baseline energy use was collected and analyzed 
from over 40,000 public housing units. Weather
corrected consumption levels were calculated for 
several years and compared to estimates provided by 
an earlier study of estimated energy use in public 
housing. I I 

Swedish Multifamily Housing 

Over the last few years the Swedes have 
developed building technologies that have reduced 
energy consumption considerably. Buildings there 
now have triple-glazed windows and high-levels of 
wall, roof and floor insulation. Work is now 
proceeding on improving the performance of the 
heating equipment. 

One part of this strategy involves the Stockholm 
Project, a full-scale demonstration project funded by 
the Swedish Council for Building Research (BFR). 
The project includes the construction of six apart
ment buildings with over 250 apartments. Figure 4 
shows the Konsolen building, a 57-unit apartment 
building that is part of this project. The buildings 
have built-in sets of sensors for parameters such as 
temperature, air flow, electricity use and water use. 
An LBL scientist was invited to Sweden to assist in 
the data analysis. 

While the buildings use very little energy by any 
standards, the heating and ventilation systems have 
been experiencing some problems. The analytical 
and modelling skills developed at LBL proved useful 
in elucidating the causes of these problems, and then 
pointing toward solutions. [2 For example, one build
ing with a solar collector was found to be consuming 
more heat than expected. After a detailed review of 



Figure 4. The Konsolen building, a low-energy 57-unit 
apartment building. This is one of six buildings that are 
being evaluated in the Stockholm Project, a Swedish Coun
cil for Building Research study. (Photograph: Carl Michael 
Johanesson) (BBC-86l2-10410) 

the heating and ventilation system, the air flow was 
re-routed and an extra loop was added to the control 
system. 

Warm Room Evaluation 

The warm room retrofit is a response to a com
mon problem: how to stay warm in a large, poorly 
insulated house during the coldest parts of winter. 
The problem is especially acute for low-income 
homeowners who may not have enough money to 
insulate their whole house. The warm room retrofit 
has the potential for achieving significant energy sav
ings at costs comparable than costs currently allo
cated by low-income weatherization programs. The 
retrofit is a combination of zoning, heating system 
modification, and insulation which allows the occu
pant to heat selected areas of the home while leaving 
the rest of the house cold. In recent years, several 
groups have pioneered this approach ; this study 
presents the results from a retrofit project in Kansas 
City, undertaken by the Urban Consortium in 1985-
1986. 

We selected nine houses for the study, four con
trols and five houses that received the warm room 
retrofit. The houses were all single-family detached 
structures, low-income elderly owner occupied with 
gas-fired furnaces . The warm zone included the 
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kitchen, bathroom, one bedroom, and one to two 
additional rooms, depending on fami ly size. Our 
analysis showed energy savings which averaged 26 
percent. An important part of the study was to 
determine occupant response and the acceptability of 
the retrofit. The residents participated in the design 
of the retrofits, and were interviewed after the retro
fits were installed to determine improvements In 

comfort and their satisfaction with the results. 13 

Planned Activities for FY 1987 

Our plan for the coming year is to analyze the 
data that have been collected on the monitored 
buildings. Before the next cycle of monitoring 
begins, there is a great deal of information on the 
performance of the retrofits that needs to be 
evaluated and disseminated. Tasks will be to 
analyze the performance of the vent damper retrofits, 
the air leakage diagnostic tests, occupant behavior, 
and the hot water retrofits. 

New projects may include an investigation of the 
performance of retrofits on distribution systems, a 
comparison of techniques for analyzing retrofit data, 
and the development and testing of new diagnostic 
techniques. In addition, we hope to secure joint 
funding (DOE/HUD) for continuing the federally
assisted housing work. 

AIR INFIL TRA nON 

With improved insulation of the building shell, 
heat loss from ventilation - whether controlled or 
by infiltration - has become an even more impor
tant fraction of a building'S overall heat loss. Infil
tration is the flow of outside air driven by wind pres
sure and thermal buoyancy into the building. Unlike 
the equivalent loss for conduction, ventilation heat 
loss depends upon the inside/outside temperature 
difference and wind speeds. We carry out research 
in three main areas: development of a simplified 
multizone model, multigas tracer measurements, and 
wind tunnel measurements of wind pressure distribu
tion around buildings. 

A number of computer programs have been 
developed to calculate air flow distribution in build
ings. Awareness of the air flow pattern in a building 
is particularly important when (1) determining 
indoor air quality for the different zones in a build
ing, (2) evaluating smoke distribution during a fire , 
and (3) calculating space conditioning loads. Sizing 
space conditioning equipment is also dependent 
upon accurate air flow information. 

To treat the true complexity of the air flows in a 
multizone building, extensive information regarding 



flow characteristics and pressure distribution inside 
and outside of a building is essential. To reduce the 
input data required by detailed infiltration models, 
simplified models have been developed. Most of 
these, including the one developed at LBLI4, simu
late infiltration associated with single-zone struc
tures. 

A high percentage of existing buildings, however, 
have floor plans that characterize them more accu
rately as multizone structures. Although multizone 
models exist, the vast majority are not readily avail
able to the end user. These models need inordinate 
amounts of input data .15 Therefore, a simplified 
multizone model capable of providing the same 
accuracy as the established single-cell models is being 
developed at LBL. A comparison of modelling stra
tegies is shown in Table 1. 

Accomplishments During FY 1986 

Multizone Modeling 

In order to describe the air flow distribution 
inside a building we introduced five lumped parame
ters. These parameters reflect the different permea
bility distributions of a building's envelope and flow 
resistances inside the building. The envelope per
meability ratio (epr) describes the ratio of the per
meability of the leeward side of a building envelope 
to the permeability of the whole envelope. 16 For a 
given permeability of the total envelope, the infiltra
tion rate reaches its maximum at an envelope per
meability ratio of 0.5 (typical row house). This is 
because the value of the resultant permeability is 
governed by the smallest permeability in a series 
arrangement. The wind-driven infiltration under 

Table 1. Comparison of modeling strategies. 

model advantage disadvantage 

single-cell easy to handle only single cell 

few input data no internal partitions 

reasonable accuracy no internal flows 

detailed larger buildings extensive input 

multi zone internal flows mainframe computer 

good accuracy 

simplified larger buildings reduced accuracy 

multi zone internal flows 

ease of use 

reduced input 

pocket calculators 
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steady state conditions will be zero if all air permea
bility is located on one side. 

The latest issue of the German standard on heat 
loss calculation for buildings, DIN 4701 17 introduces 
another parameter. Based on this parameter we 
introduced the ratio of the permeabilities from one 
floor to another, and the overall permeability of the 
building envelope, which we called the vertical per
meability ratio (vpr). 

With regard to thermal pressure distribution, two 
extremes exist: story-type buildings with no permea
bility between floors (vpr = 0), and shaft-type build
ings with no air-flow resistance between the different 
stories (vpr = I). 

To describe the air-flow distribution for different 
zones at the story level, two additional lumped 
parameters were defined. 18,19 The first lumped 
parameter is the outside permeability ratio (opr) of 
the zone. It describes the influence of cross
ventilation on the zone (cross-ventilation being the 
portion of the air flow that exfiltrates out of the 
same zone it infiltrates). The second lumped param
eter is the inside permeability ratio (ipr) of the zone. 
It describes the stack influence on the zone. In a 
previous study, the use of a detailed multizone infil
tration model indicated a strong relationship 
between the two latter ratios and the flow distribu
tion in buildings.2o 

It was determined that the internal air flows of a 
building due to wind are directly dependent upon the 
ratios of the resultant permeabilities of the different 
zones. These are defined as the combination of all 
flow paths (parallel and series arrangements) from 
this zone to either the windward or leeward side of a 
building. The resultant permeability ratio (rpr) is the 
ratio of the resultant permeability of the downstream 
side to all resultant permeabilities of this particular 
zone. 

Determining the resultant permeabilities is far 
more complicated than determining the permeabili
ties used for the other four ratios. An iteration pro
cedure may be necessary. 

Multigas Tracer Measurements 

To identify air movement into a building and 
internal flows, we developed a multigas tracer meas
urement system. By using a gas chromatograph with 
an electron capture detector, many gases can be 
detected. The equipment can be used to measure as 
many as four gases. Unfortunately, the collection 
cycle is very long, and real-time comparison with the 
program is impossible. 

A more sophisticated multigas tracer measure
ment system has been designed. It contains a resi-



dual gas analyzer, which will speed up the collection 
cycle. By the end of the fiscal year, all parts for the 
new system had been ordered. 

Wind Pressure Studies 

The first comparison between our simplified 
n1ultizone infiltration model and tracer gas measure
ments performed in a building will be made for the 
office and test building of the Laboratoire d'Energie 
Solaire (LESO) at the Ecole Poytechnique Federale 
de Lausanne in Switzerland. This test building con
tains nine zones on three different floors and a cen
tral staircase. Tracer gas measurements and weather 
data have been collected on site by our Swiss col
leagues. Pressure coefficient measurements of this 
multizone building have been carried out using scale 
models of the building and its surroundings at the 
boundary-layer wind tunnel at the Architecture 
Department of the University of California, Berke
ley. 

Planned Activities for FY 1987 

Multizone Modeling 

Our task is to validate the detailed and simpli
fied models with data obtained by tracer gas meas
urements. The first comparison of the results will be 
performed utilizing data from the LESO building in 
Switzerland. If the results of comparisons are satis
factory, additional parameter studies using the 
detailed model will be done in an attempt to further 
simplify the model. 

Multigas Tracer Measurements 

The development of the multigas tracer system 
and its assembling has been planned for the begin
ning of FY 87. Calibration of the system and its test 
in the laboratory environment will follow completion 
of the system. Initial measurements in multizone 
buildings are scheduled for the second half of FY 87. 

Wind Pressure Studies 

Pressure coefficient measurements will be per
formed for all sites and multigas tracer measure
ments will be taken. Following the testing period of 
the tracer gas system, buildings in the San Francisco 
Bay Area will be measured. 

lEA SUPPORT 

In response to the 1973-74 oil crisis, the OECD 
. countries formed the International Energy Agency. 
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As part of the implementation agreement, technical 
annexes were created to enable countries to work 
together on problems of mutual interest. To date, 
thirteen technical annexes have been formed. 
Lawrence Berkeley Laboratory has been representing 
the U.S. on annexes V, IX and XII. 

Accomplishments During FY 1986 

The U.S. has been one of the most active 
members of the Air Infiltration and Ventilation Cen
tre (AIVC). LBL provided interested parties with 
information material, e.g., the quarterly published 
Air Infiltration Review, which is sent to over 640 
U.S. researchers and professionals. We also distri
bute the AIVC Technical Notes to interested parties. 

During FY 86 the Air Infiltration and Ventila
tion Centre responded to approximately 120 
inquiries from the U.S. and delivered some 400 
copies of technical papers held in their library of 
some 2,200 ventilation-related papers. AIVC's major 
accomplishment for FY 86 was the completion of the 
calculation techniques guide, published in loose-leaf 
form. 

Planned Activities for FY 1987 

There are two new annexes being considered by 
the Executive Committee; one on moisture and the 
other on the fundamentals of air flow patterns. LBL 
is qualified to participate in either. 

AIR LEAKAGE 

The process of air flowing through a building 
envelope is called air leakage. Air leakage depends 
on the air tightness of the building as well as on the 
pressures driving the air flow. Air tightness is a pro
perty of the building alone. Typically, air tightness is 
quantified by the Effective Leakage Area (ELA), 
which is the amount of open area that would have 
the same air leakage as all of the leaks in a building 
under identical conditions. The measurement and 
study of air leakage allows us to characterize the air 
tightness of buildings, better understand air flow 
through building envelopes, evaluate the perfor
mance of mechanical ventilation systems, and esti
mate the effectiveness of air-tightness retrofits. 

Our air leakage research can be divided into 
three areas: leakage characterization, measurement 
techniques, and consensus standards. Our leakage 
characterization effort involves collecting and analyz
ing measured leakage data. The standard method for 
measuring building airtightness is called fan pressuri
zation. Over the last few years, we have developed a 



new method for measuring building airtightness, AC 
Pressurization, which allows us to determine the 
effective leakage area at low pressures, independent 
of wind effects. Finally, we are putting our experi
ence to use by assisting the professional societies in 
the formation of consensus standards. 

Accomplishments During FY 1986 

Over the past four years we have been collecting 
air leakage data. During FY 86 this database, 
installed in-house on a micro-computer, was 
extended to 1100 measurements on 750 houses in 
110 different zipcodes. These data come from our 
own research efforts, other researchers, government 
energy agencies, house doctor companies, and the 
armed forces. Figure 5 shows the cities for which the 
database contains leakage measurements. 

The leakage database is made up of five separate 
sections: (I) basic leakage information for quick 
reference, (2) complete information on the data 
analysis and the measurement conditions, (3) 
description of each house, including retrofit history, 
(4) address, and (5) zipcode and climate information. 

The measurement technique work in FY 86 
focused mainly on multizone leakage measurements. 
As part of a larger multifamily retrofit research pro
ject, multizone leakage measurements were made in 
two apartment building in Chicago, Illinois. Unlike 
earlier measurements, which utilized six blower 
doors, the technique used in Chicago utilized only 
two blower doors. It is illustrated in Figure 6, and 
involved opening the windows in all apartments 
except the two in which the blower doors were 
located. The blower doors were then operated so as 
to obtain data with and without a pressure difference 
between the two apartments. 21 

Figure 5. Cities in North America for which the database 
contains measurements of air leakage. (XBL-8612-4955) 
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Figure 6. Use of the secondary blower door for the inter
zonal measurement. (XBL-8612-5991) 

-The two buildings tested were masonry three
story walk-ups built around the turn of the century. 
All buildings displayed similar leakage characteristics 
with 40% of an inc!ividual apartment's leakage in its 
exterior envelope. Using a multizone air flow 
model, the leakage data were used to examine the air 
flow patterns under typical conditions.22 The results, 
presented in Figure 7, show that upper-story apart
ments receive very little outside air at windspeeds 
less than 3 mis, indicating potential problems with 
air quality and heating load imbalances. 

A number of multizone leakage measurements 
were also made in the area around Boston, Mas
sachusetts, and in Berkeley, California in FY 86. 
These measurements were made with the same tech
nique that was used in Chicago. The Boston meas
urements were part of a collaboration with the Exe
cutive Offices of Communities and Development of 
the Commonwealth of Massachusetts, and are 
presently being analyzed. The Berkeley measure
ments, which were made in a wood-frame, three
story walk-up, showed minimal leakage between 
apartments. This surprising result points out the 
importance of testing apartment buildings of dif
ferent construction types, and the need for a larger 
sample of measurements; 

Development of the AC pressurization apparatus 
was ended in FY 86 due to the issuance of a 
privately controlled U.S. Patent. 

As part of our work with professional commit
tees and organizations, we were involved with two 
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Figure 7. Flow of air from the outside into each apartment 
at the Bosworth building as a function of windspeed for 
wind from the west. (XBL-8612-4954) 

standard-writing organizations: the American 
Society for Testing and Materials (ASTM) and the 
American Society of Heating Refrigeration and Air
conditioning Engineers (ASHRAE). 

We participated in several activities in ASTM 
during FY 86, including the modification of Stan
dard Test Method E-779, "Determining Air Leakage 
Rate by Fan Pressurization" to include effective 
leakage area as part of the standard. During FY 86, 
Standard E-779 was put out for public review, and is 
expected to be published by the society in FY 87. 
We also began participation in four new standards in 
ASTM. 

We are also involved with ASHRAE standard 
project 119P, which is intended to promote energy 
conservation by setting maximum values for air 
leakage in detached single-family residential build
ings. During FY 86 the standard project committee 
approved the standard to be forwarded for public 
review. The review draft of the standard is climate
based (introducing the concept of Infiltration Degree 
Days23), uses effective leakage area divided by condi
tioned floor area as the quantity of interest, and 
creates a classification method for houses that is 
independent of the air tightness requirements. 

Planned Activities for FY 1987 

The leakage characterization work will continue 
during FY 87, specifically focusing on analyzing the 
data in the air leakage database, and on characteriz
ing the flow through large apertures under fluctuating 
pressure conditions. We will first analyze our com
puterized database to check for important holes in 

the data. We will also use the database to get a han
dle on duct leakage in single-family buildings 
(approximately 100 measurements are presently in 
the database) as part of our duct leakage measure
ment effort. The second part of the leakage charac
terization effort is to develop a workable physical 
model for air flow through large apertures. This 
work will include theoretical modelling efforts in col
laboration with the Royal Institute of Technology in 
Sweden, and experimental examination of flow pro
files in Berkeley. 

In the measurement area, several new projects 
will begin in FY 87. These include: testing a new 
single-zone leakage measurement technique based on 
pulse pressurization; testing a multi-zone leakage 
measurement technique based upon AC Pressuriza
tion; and testing new techniques for measuring and 
locating duct leakage. 

Initial investigation of a new single-zone leakage 
measurement technique was made in FY 86. The 
new technique, based upon pulse pressurization, was 
lab tested in collaboration with Bruel and Kjaer in 
Denmark. The results indicated that leakage area 
and flow exponent could be determined by Fourier 
analysis of pulse response. We will test this tech
nique in buildings in FY 87. 

An additional project for FY 87 will be to per
form detailed error analyses for both DC pressuriza
tion and AC pressurization. These error analyses 
will be based upon a large number of field measure
ments, examining the effects of wind and stack effect 
on both DC and AC pressurization. The DC pres
surization analysis will examine different outdoor 
pressure probes, including the general practice of 
using a single probe, the four-sided Canadian averag
ing box technique, and a static pressure probe. 

The multi-zone blower door measurements made 
in FY 86 showed the uncertainties associated with 
these measurements. In FY 87 we will test a multi
zone ACpressurization technique. This technique 
will involve exciting a single zone, and measuring 
the pressure response in that zone and the surround
ing zones. 

The standards work will also continue during FY 
87. We expect that in FY 87 the revised ASTM 
E779 and ASHRAE standard 119 will become offi
cial. 

APPLIANCE PERFORMANCE TESTING 

Gas and electric utilities use a large array of 
information for forecasting future energy demands. 
This project is concerned with the projection of 
energy demand due to major appliance operation in 
single family residences. These are gas and electric 



domestic hot water heaters, refrigerators, central air 
conditioners, and central gas furnaces. Although 
some data is available for residential end-use energy 
consumption there is no data base available on 
major appliance field performance. Future energy 
demand is dependent on knowledge of actual appli
ance efficiencies changes due to factors such as long
term degradation. 

The only appliance efficiency information 
currently available to energy forecasters is the 
manufacturer's efficiency rating, which is based on 
laboratory test procedures. But, the laboratory tests 
are performed on new appliances under assumed 
field conditions. Operating conditions for installed 
appliances may involve different physical configura
tions and more adverse ambient conditions, which 
potentially cause both efficiency reductions and 
increased long-term performance degradation rates. 

Accomplishments During FY 1986 

We are conducting a project in conjunction with 
Pacific Gas and Electric, the California Energy Com
mission, and DOE to develop and test procedures 
that are applicable for field appliance performance 
testing. A major goal of the study is to compare the 
measured and the rated efficiencies of the target 
appliances. Diagnostic data which will be used to 
explain differences between the measured and rated 
efficiencies were also collected. Another goal of the 
study is the development of simple techniques for a 
large-scale survey of appliance efficiencies. 

Methods development, conducted in early 1986, 
investigated several techniques for duplicating 
laboratory appliance efficiency indicator measure
ments in the field. A total of 31 single-family 
residences located in north-central California were 
monitored during the summer of 1986. 

Domestic Hot Water Heaters 

The short-term field test procedure for determin
ing recovery efficiency, which is a measure of how 
much of the fuel energy goes into the water while the 
burner is operating, requires that a tank of cold 
water be heated to the water heater's maximum 
aquastat setting. The tank of cold water is created by 
turning off the burner and drawing hot water from a 
faucet until the hot water is cold. The tank of cold 
water is then heated. The long-term field test pro
cedure for standby-loss determination involves mon
itoring the heat energy input and hot water use. 

Figure 8 is a plot of recovery efficiency versus 
age. It shows some scatter (standard deviation = 8%) 
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Figure 8. Variation of measured gas DBW heater recovery 
efficiency with age of unit. (XBL-8612-4952) 

around the average efficiency of 67%, but does not 
show any clear trend of efficiency with age. Most of 
the units have a measured recovery efficiency 
between 65 and 76%, as compared to the California 
standards of 74% and 76%. 

The standby loss could not be determined 
directly for most of the water heaters due to a lack of 
main heater operation during time periods with no 
hot-water use. 

Central Air Conditioners 

The short-term field test procedure involves 
measurement of both Energy Efficiency Ratio (EER), 
and Seasonal EER (SEER). Both indicators are 
ratios of heat removed to electrical energy con
sumed. EER is a steady-state value, whereas SEER 
is a steady-state value corrected for cycling of the air 
conditioner. The energy efficiency calculations are 
based on condenser coil air flow, condenser coil air 
temperature difference, and electric energy consump
tion of both inside and outside units of the air condi
tioner. EER is calculated based on readings recorded 
at the end of at least 30 minutes of continuous air 
conditioner operation. SEER is calculated based on 
readings recorded during a forced air conditioner 
cycling pattern of two successive 24-minutes-off and 
6-minutes-on cycles. 

This study attempts to determine the EER and 
SEER indirectly by measuring the heat rejection at 
the outside condenser coil. This technique was 
chosen due to the difficulties associated with field 
measurement of latent heat removal. The outside 



coil is more accessible for sensor installation and 
does not have latent heat loads. Three different 
methods of measuring condenser unit air flow rate 
were used. The high turbulence and pressure sensi
tivity of the the fans used resulted in condenser-coil 
air flow measurement uncertainties on the order of 
10%. 

A plot of SEER versus age shows a large amount 
of scatter (standard deviation = 2.3 Btu/Wh) around 
the average SEER of 5.1 Btu/Wh. The California 
standards require an EER of 7.0 Btu/Wh for 1977, 
an EER of 8.0 Btu/Wh for 1979, and SEER of 8.0 
Btu/Wh starting in 1980. 

Refrigerators 

For refrigerators the only efficiency indicator is 
the monthly energy consumption .. Figure 9 is a plot 
of daily consumption versus age, which although it 
has a fair amount of scatter, indicates a trend of 
increasing consumption with age. The mean value is 
4.5 kWh/day, with a standard deviation of 1.7 
kWh/day.) It should be noted, however, that the 
plotted values have not been corrected for tempera
ture or door openings, and that a trend in refrigera
tor size with age may be affecting the results. The 
California efficiency standards for a 20 ft3 refrigera
tor were set at 5.9 kWh/day in 1977 and 4.6 
kWh/day in 1979. 

A potential problem in the field-monitored 
energy use is occupant effects. Whereas the labora
tory procedure is conducted under controlled refri
gerator conditions the field study is not. These 
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Figure 9. Variation of measured refrigerator energy con
sumption with age of unit. (XBL-8612-4951) 
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effects must therefore be accounted for; the compart
ment temperatures and ambient temperatures were 
monitored, and a door-openings sensor has been 
developed for use during the winter study. 

Planned Activities for FY 1987 

The appliance performance survey pilot study 
involves both summer (FY 86) and winter (FY 87) 
field monitoring. The winter study involves moni
toring of 30 additional test sites in which we will test 
the furnaces, along with additional refrigerators and 
water heaters. The furnace field test procedure that 
was developed during FY 86 will be tested on a 
variety of actual furnace configurations. 

Although preliminary summer data analysis was 
performed during the summer study field monitor
ing, complete data/analysis and a final report writing 
is planned for during the coming year. A preliminary 
report on the summer measurements is due to be 
delivered in November, 1986. Based on the data 
collected during the pilot study, procedure and 
equipment simplifications will be investigated. 
Within the limitations of the small data set produced 
by this pilot study, factors such as improper installa
tion, long term appliance performance degradation, 
and geographic performance influences will be 
analyzed. This information is important for plan
ning of a proposed large-scale appliance performance 
testing project. We hope to secure funding for a 
follow-on large-scale appliance performance survey 
planning project. 

REFERENCES 

I. Office of Technology Assessment (1982), 
. Energy Efficiency of Buildings in Cities, 

Government Printing Office, Washington DC. 
2. Diamond, R.c., et al. (1986), " Multiyear Plan 

for Multifamily Retrofit Research," DOE/CE-
0142 and LBL-20165 . 

3. Ritschard, R.L., et al. (1985), "Multiyear Plan 
for Federally-Assisted Housing," LBL-19683. 

4. Szydlowski, R.F. (1986), "Data Specification 
Protocol," draft, Lawrence Berkeley Labora
tory. 

5. Harrje, D.T. (1985), "Energy Conservation 
Opportunities for Multifamily Buildings," 
International Energy Agency, Annex XI. 

6. Modera, M.P., Brunsell, 1.T., and Diamond, 
R.C. (1986), "Improving Diagnostics and 
Energy Analysis for Multifamily Buildings," 
LBL-20247. 

7. Diamond, R.c., Dickerhoff, 0.1., and Sher
man, M.H. (1986), "Guideline for Air Leakage 



Measurements in Single-Family and Multifam
ily Buildings," draft. 

8. Vine, E.L., Diamond, R.C., and Szydlowski, 
R.F. (1986), "Domestic Hot Water Use in Two 
Low-Income Apartment Buildings," to be pub
lished in Energy, LBL-21771. 

9. Diamond, R.C., Modera, M.P., and Feustel, 
H.E. (1986), "Ventilation and Occupant 
Behavior in Two Chicago Apartments," LBL-
21862. 

10. Greely, K.M, Goldman, C.A., and Ritschard, 
R.L. (1986), "Analyzing Energy Conservation 
Retrofits in Public Housing," LBL-21886. 

11. Perkins & Will and the Ehrenkrantz Group 
(1980), "An Evaluation of the Physical Condi
tion of the. Public Housing Stock," H-2850, 
Department of Housing and Urban Develop
ment. 

12. Cleary, P., Elmroth, A., and Hambraeus, M. 
(1986), "Experiences During the First Year of 
Operation of Three Low-Energy Apartment 
Buildings. A Part of the Stockholm Project," 
ACEEE. 

13. Wagner, B.S., and Diamond, R.C. (1986), 
"Keeping Warm: Results of the Kansas City 
Warm Room Retrofit," ACEEE, to be pub
lished in Energy. 

14. Feustel, H.E., and Kendon, V.M. (1985), "Infil
tration Models for Multicellular Structures -
A Literature Survey," LBL-17588. 

3-39 

15. Sherman, M.H. (1980), "Air Infiltration Ill· 

Buildings," LBL-I0712. 
16. Krischer, 0., and Beck, H. (1957), "Die Dur

chlueftung von Raeumen durch WindangrifT 
und der Waermebedarf fuer die Lueftung," 
VDI-Berichte, Vol. 18,,29-59. 

17. Deutsches Institut fuer Normung. (1983), DIN 
4701, "Regeln fuer die Berechnung des Waer
mebedarfs von Gebaeuden," Beuth Vertrieb 
Berlin. 

18. Feustel, H.E., and Lenz, Th.P. (1984), "Pat
terns of Infiltration in Multifamily Building," 
LBL-17584. 

19. Feustel, H.E. (1985), "Development of a Sim
plified Multizone Infiltration Model," LBL-
19095. 

20. Feustel, H.E., and Lenz, Th.P. (1984), "Pat
terns of Infiltration in Multifamily Buildings," 
LBL-17584. 

21. Diamond, R.C., DickerhofT, DJ., and Sher
man, M.H. (1986), "Guidelines for Air-Leakage 
Measurements in Single and Multifamily Build
ings," Draft, LBL-22635. 

22. Diamond, R.c., Modera, M.P., and Feustel, 
H.E. (1986), "Ventilation and Occupant 
Behavior in Two Apartment Buildings," LBL-
21862. 

23. Sherman, M.H. (1986), "Infiltration Degree 
Days: A Statistic for Quantifying Infiltration
Related Climate," ASHRAE Trans. Vol. 92, 
Part 2, LBL-I9237. 



PUBLICA TIONS LIST 

This list of publications for th~ Indoor 
Environment Program covers the years 1983-1986. 
For earlier or more recent publications, please 
contact each group individually. Annual reports for 
earlier years are also available. 

Indoor Radon 

1983 

PUB-457 
"An Overview of Current Radon and Radon Daughter 
Research at LBL." In EML Indoor Radon Workshop, ed. by 
A.C. George, et aI., Report EML-416, pp. 93-100, Environ
mental Measurements Laboratory, New York, NY (1983) . 

. LBL-14959 
"Radon in Energy-Efficient Earth-Sheltered Structures", A. V. 
Nero. In Proceedings Energy Efficient Buildings with Earth 
Shelter Protection, ed. by L.L. Boyer pp. 281-285. Architec
tural Extension and University Center for Energy Research, 
Oklahoma State University, Stillwater, OK (1983). 

LBL-15555 
"Radon Daughter Carousel: An Automated Instrument for 
Measuring Indoor Concentration of 218po, 214Pb, and 214Bi", 
W.W. Nazaroff, ReI'. Sci. Instrum. 54, 1227-1233 (1983). 

LBL-15783 
"Field Data Logger with EPROM Storage", A.W. Robb and 
W.W. Nazaroff. Rev. Sci. Instrum. 54, 1252-1253 (1983). 

LBL-15839 
"Continuous Measurements of Radon Entry in a Single Fam
ily House", D.T. Grimsrud, W.W. Nazaroff, K.L. Revzan, 
and A.V. Nero. In Proceedings of the Air Pollution Control 
Association 76th Annual Meeting, Atlanta, GA Paper 83-9.8 
(1983). 

LBL-16595 
"Time-Averaged Indoor Radon Concentrations and Infiltra
tion Rates Sampled in Four U.S. Cities", S.M. Doyle, W.W. 
Nazaroff, and A.V. Nero, Health Physics 47,579-586 (1984). 

LBL-16636 
"Characterizing the Source of Radon Indoors", A.V. Nero, 
and W.W. Nazaroff. Rad. Prot. Dos. 7, 12-39 (1984). 

LBL-16637 
"Radon Entry into Houses Having a Crawl Space", W.W. 
Nazaroff and S.W. Doyle. Health Physics 48, 265-281 (1984). 

1984 

LBL-16572 
"Radon Transport into A Detached One-Story House With A 
Basement", W.W. Nazaroff, H. Feustel, A.V. Nero, K.L. 
Revzan, D.T. Grimsrud, M.A. Essling, and R.E. Toohey. 
Atmospheric Environment 19, 31-46 (1985). 

LBL-16701 
"Effectiveness of Local Ventilation in Removing Simulated 
Pollution from Point Sources", K.L. Revzan. Em'ironment 
International 12, 449-459 (1986). 

LBL-16823 
"Transport of Radon from Soil into Residences", W.W. 
Nazaroff and A.V. Nero. In Indoor Air, Proceedings of the 

3-40 

3rd International Conference on Indoor Air Quality and CIi
lIIate, Vol 2, pp 15-20, Swedish Council for Building 
Research, Stockholm (1984). 

LBL-16955 
"Identifying Areas with Potential for High Indoor Radon 
Levels: Analysis of the National Airborne Radiometric 
Reconnaissance Data for California and the Pacific 
Northwest", B.A. Moed, W.W. Nazaroff, A.V. Nero, M.B. 
Schwehr, and A. Van Heuvelen. 

LBL-17598 (Rev) 
"Evaluation of Indoor Aerosol Control Devices and Their 
Effects on Radon Progeny Concentrations", R.G. Sextro, F.J. 
Offermann, W.W. Nazaroff, A.V. Nero, K.L. Revzan, and J. 
Yater. Environment International 12, 429-438 (1986). 

LBL-17601 
"Effectiveness of Local Ventilation in Removing Simulated 
Pollution from Point Sources", K.L. Revzan. In Proceedings 
of the 3rd International Conference on Indoor Air Quality 
and Climate, Stockholm, Sweden, August 20-24, (1984). 

LBL-17609 
"Radon Decay-Product Behavior Indoors: Numerical Model
ing of Convection Effects", G.E. Schiller, A.V. Nero, K.L. 
Revzan, and C. Tien In Proceedings of the Air Pollution 
Control Association 77th Annual Meeting, San Francisco, 
Paper 84-33.2 (1984). 

LBL-18139 
"Air Quality Issues in Ventilation Standards", A.V. Nero and 
D.T. Grimsrud. In Proceedings of the 5th AIC Conference, 
Air Infiltration Center, Berkshire, UK; pp 8-1 to 8-11 (1984). 

LBL-18274 
"Distribution of Airborne Radon-222 Concentrations in U.S. 
Homes", A.V. Nero, M.B. Schwehr, W.W. Nazaroff, and K.L. 
Revzan. Science 234, 992-997 (1986). 

1985 

LBL-18154 
"Potable Water as a Source of Airborne Radon-222 in U.S. 
Dwellings: A Review and Assessment", W.W. Nazaroff, S.M. 
Doyle, A.V. Nero, and R.G. Sextro. Health Physics 52, 281-
295 (1987). 

LBL-19346 
"Indoor Concentrations of Radon 222 and Its Daughters: 
Sources, Range, and Environmental Influences", A.V. Nero. 
In Indoor Air and Human Health, Proceedings of the Seventh 
L(fe Sciences SymposiulIl, ed. by R.B. Gammage and S.V. 
Kaye, pp. 43-67, Lewis Pub., Chelsea, MI (1985). 

LBL-19726 
"Control of Indoor Radon and Radon Progeny Concentra
tions", R.G. Sextro. ASHRAE Transactions, 91, Part 2. 
1963-1979 (1985). 

LBL-19777 
"Bonneville Power Administration Indoor Air Quality Meas
urements in Northwest Residences: Status Report", B.H. 
Turk, D.T. Grimsrud, J. Harrison, R.J. Prill and K.L. Rev
zan. In Proceedings of the Conference on Conservation in 
Buildings: Northwest Perspective, ed. by B.A. Miller and G. 
Kunta, pp. 1-33 to 1-42, National Center for Appropriate 
Technology, Butte MT, (1985). 

LBL-19869 
"Characterizing the Sources, Range, and Environmental Influ
ences of Radon-222 and Its Decay Products", A.V. Nero, 
R.G. Sextro, S.M. Doyle, B.A. Moed, W.W. Nazaroff, K.L. 



Revzan and M.B. Schwehr. The Science of the Total Em'iron
melll 45, 233-244 (1985). 

LBL-20210 
"Understanding the Origin of Radon Indoors -- Building a 
Predictive Capability", R.G. Sextro. Atmospheric Environ
ment 21. 431-438 (1987). 

1986 

LBL-18374 
"Experiments on Pollutant Transport from Soil into Residen
tial Basements by Pressure-driven Air Flow", W.W. Nazaroff, 
S.R. Lewis, S.M. Doyle, B.A. Moed, and A.V. Nero. Environ
mental Science and Technology, in press (1984). 

LBL-21399 
"Radon and Remedial Action in Spokane River Valley 
Residences: An Interim Report", B.H. Turk, R.J. Prill, W.J. 
Fisk, D.T. Grimsrud, B.A. Moed, and R.G. Sextro. In 
Proceedings of the 79th Annual Meeting of the Air Pollution 
Control Association, Minneapolis, MN; Paper 86-43.2 June 
22-27 (\986). 

LBL-21572 
"Investigations of Soil as a Source of Indoor Radon", R.G. 
Sextro, B.A. Moed, W.W. Nazaroff, K.L. Revzan and A.V. 
Nero. In Radon and Its Decay Products: Occurrence, Proper
ties, and Health Effects, ed. by P. Hopke, pp. 10-29, American 
Chemical Society, New York (1987). 

LBL-21641 
"Distribution of Indoor Radon Concentrations and Elements 
of a Strategy for Control", A.V.Nero. In Proceedings of the 
Governor's Conference on Indoor Radon, pp 38-52, New York 
University Medical Center, Tuxedo, NY (1986). 

LBL-21642 
"Estimated Risk from Exposure to Radon Decay Products in 
U.S. Homes", A.V. Nero. Submitted to Atmospheric 
Em'ironment. 

VolatHe Organic Contaminants in 
Indoor Air 

1983 

LBL-14574 
"Sources and Concentrations of Formaldehyde in Indoor 
Environments", J.R. Girman, K.L. Geisling, and A.T. Hodg
son. Presented at the 75th Air Pollution Control Association 
Annual Meeting, New Orleans, LA, June 20-25 (\982). 

LBL-16302 
"Laboratory Studies of The Temperature Dependence of the 
Palmes N02 Passive Sampler", J.R.Girman, A.T. Hodgson, 
B.K. Robison, and G.W. Traynor. Presented at the EPA 
National Symposium on Recent Advances in Pollutant Moni
toring of Ambient Air and Stationary Sources, Raleigh, NC, 
May 3-6 (1983). 

LBL-17130 
Emissions of Volatile Organic Compollnds from Architectllral 
Materials with Indoor Applications, A.T. Hodgson, J.R. Gir
man, A.S. Newton, and A. Winkes. 

3-41 

1984 

LBL-17599 Rev. 
"A New Passive Sampler for Water Vapor", J.R. Girman, 
J.R. Allen, and A.Y. lee. Em'ironment International, 12: 
461-465 (\986). 

LBL-18321 
"Correction for External Mass-Transfer Resistance in Dif
fusive Sampling", P. Persoff and A.T. Hodgson. Am. Ind. 
Hyg. Assoc. J. 46 (II ):648-652 (\985). 

LBL 19915 
"Considerations in Evaluating Emissions from Consumer 
Products", J.R. Girman, A.T. Hodgson, and M.L. Wind. 
Atmospheric Em'ironment. (In Press). 

1986 

LBL-17594 Rev. 
"Emissions of Volatile Organic Compounds from Adhesives 
with Indoor Applications", J.R. Girman, A.T. Hodgson, A.S. 
Newton, and A.W. Winkes. Environment International 12 
(1-4): 317-321 (1986). 

LBL-20227 
"Source Characterization and Personal Exposure to 
Methylene Chloride from Consumer Products", J.R. Girman 
and A.T. Hodgson. Presented at the 79th Annual Meeting of 
the Air Pollution Control Association, Minneapolis, MN, 
June 22-27 (I986). 

LBL-21378 
"A Multisorbent Sampler for Volatile Organic Compounds in 
Indoor Air", A.T. Hodgson, J. Binenboym, and J.R. Girman. 

. Presented at the 79th Annual Meeting of the Air Pollution 
Control Association, Minneapolis, MN, June 22-27 (I 986). 

Indoor Exposure Assessment 

1983 

LBL-14301 
"Pollutant Emissions from Portable Kerosene-Fired Space 
Heaters", G.W. Traynor, J.R. Allen, M.C. Apte, J.R. Gir
man, and C.D. Hollowell. Environmental Science & Technol
ogy, vol. 17, No.6 p. 369-371 (1983). 

LBL-15130 
"Indoor Air Pollution Due to Emissions from Unvented 
Gas-Fired Space Heaters: A Controlled Field Study", G.W. 
Traynor et al .. 

LBL-15612 
"Indoor Air Pollution from Portable Kerosene-Fired Space 
Heaters", G.W. Traynor, M.G. Apte, J.F. Dillworth, and D.T. 
Grimsrud. Presented at Hazardous Heat: A Symposium on 
the Health & Safety of Kerosene Heaters, Hempstead, NY, 
November 8 (1982). 

1984 

LBL-17600 
"Indoor Air Pollution and Inter-Room Pollutant Transport 
Due to Unvented Kerosene-Fired Space Heaters", G.W. 



Traynor, M.G. Apte, A.R. Carruthers, J.F. Dillworth, D.T. 
Grimsrud, and W.W. Thompson. To be published in 
Enrironment International. 

LBL-18188 
"The Concentrations of Indoor Pollutants Data Base: A 
Status Report", S. R. Brown, R.A. Young, and D.T. 
Grimsrud. 

LBL-18258 
"Pollutant Emission Rates From Unvented Infrared and Con
vective Gas-Fired Space Heaters", G.W. Traynor, M.G. Apte, 

A.R. Carruthers, J.F. Dillworth, and D.T. Grimsrud. 

1985 

LBL-15878 ... 
"Indoor Air POllutionbue;io Emission from Unvented Gas
fired Space Heaters", G.W. Traynor et al. J. Air Pollut. Con
trol Assoc., vol. 35, No 3. p. 231-237 (1985). 

LBL-17854 
"Indoor Air Pollution Due to Emissions from Wood-burning 
Stoves", G. Traynor, M. Apte, A. Carruthers, J. DiIlworth, D. 
Grimsrud and L. Gundel. To be published in Em'ironmental 
Science alld Technology. 

LBL 19844 
"Field Monitoring Design Considerations for Assessing 
Indoor Exposures to Combustion Pollutants", G.W. Traynor. 
Published in Atmospheric Environment. Vol. 21, No.2, pp. 
377-383, (1987). 

1986 

LBL-21355 
"Selected Organic Pollutant Emissions from Unvented 
Kerosene Heaters", G.W. Traynor, M.G. Apte, H.A. Sokol, 
J.C Chuang, and J.L. Mumford. Presented at the 79th 
Annual Meeting of the Air Pollution Control Association, 
Minneapolis, MN, and published in the Proceedings, June 
22-27 (1986). 

LBL-21571 
"Comparison of PoIlutant Emission Rates from Unvented 
Kerosene and Gas Space Heaters", M.G. Apte and G.W. 
Traynor. In Managing Indoor Air for Health and Energy 
Conservation, ASHRAE: Atlanta, GA. May (1986). 

Ventilation and Indoor Air Quality 
Control 

1983 

LBL-13843 
"Test Results and Methods: Residential Air-to-Air Heat 
Exchangers: Performance, Energy Savings, and Economics", 
WJ. Fisk, G.D. Roseme, CD. Hollowell. Energy and Build
ings vol. 5, ppl 197-211 (1983). 

LBL-14784 
"Energy Savings and Cost-Effectiveness of Heat Exchanger 
Use as an Indoor Air Quality Mitigation Measure in the BPA 
Weatherization Program", I. Turiel, J. Rudy. Energy, 8(5) 
pp. 323-335 (1983). 

LBL-15376 
"Ventilation Efficiencies of Wall-or-Window-Mounted 
Residential Air-to-Air Heat Exchangers", FJ. Offermann, 

3-42 

WJ. Fisk, D.T. Grimsrud, B. Pedersen, and K.L. Revzan. 
.·1511 RAE Trans. 89 (2) pp. 507-529. 

LBL-15907 
"Ventilation by Stratification and Displacement", E. Skaaret. 
Presented at the Second International Congress on Building 
Energy Management, Ames, lA, May 30-June 3, (1983). 
March 1983. 

LBL-16155 
"Ventilation Effectiveness-A Guide to Efficient Ventila
tion", E. Skaaret and M. Mathisen. Presented at the 
ASHRAE Annual Meeting, June 26-30 (1983), Washington, 

DC 
LBL-16525 

"The Dependence of Indoor Pollutant Concentrations on 
Sources, Ventilation Rates, and Other Removal Factors", 
A.V. Nero and D.T. Grimsrud. Indoor Air Quality Research: 
Current Status and Future Needs, A.V. Nero (D.T. Grimsrud 
co-author). Statement before a joint hearing of the Energy 
Development and Applications and Natural Resources Agri
culture Research and Environment Subcommittees of the 
House Committee on Science and Technology. 

LBL-16783 
"Freezing in Residential Air-to-Air Heat Exchangers: An 
Experimental Study", W.F. Fisk, K.M. Archer, R.E. Chant, 
D. Hekmat, F. Offermann, and B.S. Pedersen. 

LBL-16813 
"Improving the Energy Efficiency of Residential Clothes 
Dryers", D. Hekmat and W.J. Fisk. 

LBL-17049 
"Manual on Indoor Air Quality", R.C Diamond and D. 
Grimsrud, December 1983. Report to Electric Power 
Res~arch Institute #EPRI EM-3469. 

LBL-17381 
"The Control of Formaldehyde in Indoor Air by Air Wash
ing", B.S. Pedersen and WJ. Fisk. 

LBID-842 
"Calibration and Intercomparison of Four Hygrometer Sys
tems", D. Hekmat. 

1984 

LBL-15693 
"Indoor Air Quality Audits for Commercial Buildings", D.T. 
Grimsrud, K. Geisling-Sobotka, J.F. Koonce and S.R. 
Schiller. 

LBL-16493 
"Indoor Air Quality Control Techniques: A Critical 
Review", W, Fisk, R, Spencer, D. Grimsrud, F. Offermann, 
B. Pedersen, and R. Sextro. 

LBL-16659 
"Control of Respirable Particulates and Radon Progeny with 
Portable Air Cleaners", F.J. Offermann, R.G. Sextro, W.J. 
Fisk, W.W. Nazaroff, A.V. Nero, K. L. Revzan, and J. Yater. 

LBL-16822 
"Air Washing for the Control of Formaldehyde in Indoor 
Air", B.S. Pedersen and W.J. Fisk. In Proceedings of the 3rd 
International Conference on Indoor Air Quality and Climate, 
Stockholm, Sweden, August 20-24, (1984). 

LBL-17501 
"Improving the Energy Performance of Residential Clothes 
Dryers", D. Hekmat and W.J. Fisk. Presented at the 35th 
Annual International Appliance Technical Conference, Ohio 
State University, May 15-16, (1984). 

LBL-17597 
"Ventilation for Control of Indoor Air Quality", W.J. Fisk, 
In Proceedings of the 3rd International Conference on Indoor 



Air Quality and Climate, Stockholm, Sweden, August 20-24, 
(1984). 

LBL-17603 
"Controlling Indoor Air Pollution From Tobacco Smoke: 
Models and Measurements", F.J. Offermann, J.R. Girman, 
and R.G. Sextro. In Proceedings of the 3rd International 
Conference on Indoor Air Quality and Climate, Stockholm, 
Sweden, August 20-24, (1984). 

LBL-18875 
"Control of Indoor Pollutant Concentrations: Choosing a 
Strategy", WJ. Fisk. 

1985 

LBL-17939 
"Control of Respirable Particles in Indoor Air With Portable 
Air Cleaners", F.J. Offermann, R.G. Sextro, W.J. Fisk, D.T. 
Grimsrud, W.W. Nazaroff, A.V. Nero, K.L. Revzan, and J. 
Yater. Atmospheric Environment 19. (II) 1761-1771 (1985). 

LBL-18024 . 
"Performance of Residential Air-to-Air Heat Exchangers, 
During Operation with Freezing and Periodic Defrosts" W.J. 
Fisk, K.M. Archer, F.J. Offermann, R.E. Chant, D. Hekmat, 
and B.S. Pedersen. Presented at the ASH RAE Winter Meet
ing, Chicago, IL, January 27-30, 1985. ASHRAE Trans. 91, 
Part I B, p. 159-172 (1985). 

LBL-18025 
"Onset of Freezing in Residential Heat Exchangers," W.J. 
Fisk. R.E. Chant, K.M. Archer, D. Hekmat, F.J. Offermann, 
and B.S. Pedersen. Presented at the ASH RAE Winter Meet
ing, Chicago. IL, January 27-30, 1985. ASHRAE Trans. 91, 
Part I B, p. 145-158 (1985). 

LBL-18l49 
"Formaldehyde and Tracer Gas Transfer Between Airstreams 
in Enthalpy-Type Air-to-Air Heat Exchangers," W.J. Fisk, 
B.S. Pedersen, D. Hekmat, R.E. Chant, and H. Kaboli. 
Presented at the ASH RAE Winter Meeting, Chicago, IL, 
January 27-30, 1985. ASHRAE Trans. 91, Part IB, p. 173-
186 (1985). 

LBL 20209 
"A Multi-Tracer System for Measuring Ventilation Rates and 
Ventilation Efficiencies in Large Mechanically Ventilated 
Buildings", W.J. Fisk, J. Binenboym, H. Kaboli, D.T. 
Grimsrud. A.W. Robb, and B.J. Weber. Published by the Air 
Infiltration Centre, Berkshire, Great Britain. Proceedings of 
the AIC Conference, Het Meerdal, Netherlands, September 
16-19 (1985). 

1986 

LBL 18874 
"Air Washing for the Removal of Formaldehyde from Indoor 
Air". B.S. Pedersen and W.J. Fisk. Environment Interna
tional. 12 (1-4) pp. 439-448 (1986). 

LBL-21453 
"Indoor Air Quality Measurements in 38 Pacific Northwest 
Commercial Buildings", B.H. Turk, J.T. Brown, K. 
Geisling-Sobotka, D.A. Froehlich. D.T. Grimsrud J. Harrison, 
and K.L. Revzan. Presented at the 79th Annual Meeting of 
the Air Pollution Control Association, Minneapolis, MN, 
June 22-27 (1986). 

LBL-22067 
"Analytical and Numerical Models for Estimating the Effect 
of Exhaust Ventilation on Radon Entry in Houses with Base
ments or Crawl Spaces", RJ. Mowris. M.S. Thesis. 

3-43 

LBL-22234 
"Preliminary Assessment of Residential Exhaust-Air Heat 
Pump Applications in the Pacific Northwest", P.H. Wallman, 
W.J. Fisk, and R.J. Mowris. 

LBL-21514 ' 
"Assessment of Residential Exhaust-Air Heat Pump Applica
tions in the United States", P.H. Wallman, B.S. Pedersen, 
RJ. Mowris, WJ. Fisk, and D.T. Grimsrud. To be pub
lished in Energy - The International Journal. 

LBL-21557 
"Research Review: Indoor Air Quality Control Techniques", 
W.J. Fisk. Published in Proceedings of IAQ'86 Managing 
Indoor Air for Health and Energy Conservation, American 
Society of Heating, Refrigerating, and Air Conditioning 
Engineers, Inc. pp. 568-583 (1986). 

Energy Performance of Buildings 

1983 

LBL-14925 
"Field Testing of Wind Cooling Effects on Navy Buildings, 
Project Report," M.H. Sherman, DJ. Dickerhoff, and D.T. 
Grimsrud. 

LBL-IS270' 
"CIRA-A Microcomputer-Based Energy Analysis and Audit
ing Tool for Residential Applications," R.C. Sonderegger and 
J.D. Dixon. Presented at the Fourth International Sympo
sium on the Use of Computers for Environmental Engineer
ing Related to Buildings, Tokyo, Japan, March 30-April I 
(1983). 

LBL-15473 
"Performance Calculations of Residential Cooling Systems for 
Simplified Energy Analysis," P-F. Brunello and R.C. Son
deregger. Submitted to Energy and Buildings. 

LBL-15636 
"A Detailed Examination of the LBL Infiltration Model using 
the Mobile Infiltration Test Unit," M.P. Modera, M. H. Sher
man, and P. A. Levin. Presented at the ASH RAE Sympo
sium, Washington, DC, June 26-30, 1983. ASH RAE Trans. 
89, Part 2B, p. 157 (1983). 

LBL-15793 
"CIRA Economic Optimization Methodology," R.C. Son
deregger, P.G. Cleary, J-Y. Garnier, and J.D. Dixon. To be 
published in Proceedings of the ASH RAE/DOE Conference 
on the Thermal Performance of Exterior Envelopes of Build
ings II, Las Vegas, NV, December 5-9 (1982). 

LBL-16035 
"Air Infiltration Research at the Lawrence Berkeley Labora
tory," M.H. Sherman. Air Infiltration Rel'iell" 4 (4), pp. 4-5 
(1983). 

LBL-1622l 
"Component Leakage Areas in Residential Buildings," C. 
Reinhold and R. Sonderegger. Presented at the 4th AIC 
Conference on Air Infiltration Reduction in Existing Build
ings, Elm, Switzerland, September 26-28 (1983). 

LBL-16366 
"Energy Use in a High-Rise Apartment Building," R.D. 
Lipschutz, R.C. Diamond, and R.C. Sonderegger. (Longer 
version of LBL-16657). 

LBL-16644 
"Energy and Housing for the Elderly: Preliminary Observa
tions," R.C. Diamond. Presented at the Working Conference 



on Families and Energy-Coping with Uncertainty, Michigan 
_State University, October 9-11 (1983). 

LBL-16657 -
"Some Technical and Behavorial Aspects of Energy Use in a 
High-Rise Apartment Building," R.D. Lipschutz, R.C. Dia
mond, and R.C. Sonderegger. Presented at the Working 
Conference on Families and Energy-Coping with Uncer
tainty, Michigan State University, October 9-11 (1983). 

LBL-16658 
"New Residential Building Construction in the United 
States," P.A. Levin. 

1984 

LBL-15923 . 
"A Simplified Model of Thermal Comfort," M. Sherman, 
Energy and Buildings 8. p. 37 (1985). 

LBL-16036 
"The Calculation of Natural Ventilation and Comfort," M. 
Sherman and S. Ashley. Presented at the ASHRAE 1984 
Winter Meeting, Atlanta, GA, January-February (1984). 

LBL-17001 
"Comparison of Measured and Predicted Infiltration Using 
the LBL Infiltration Model," M. Sherman and M. Modera. 
Presented at the ASTM Symposium on Measured Air Leak
age Performance of Buildings, Philadelphia, PA, April (1984). 

LBL-17173 
"Technical Description: The Envelop Thermal Test Unit," 
M. Modera. Presented at the ASH RAE Symposium on Field 
Measurements of Heat Transfer in Building Envelopes, Chi
cago, IL, January (1985). 

LBL-17584 
"Air Infiltration in Multi-Family Buildings and its Depen
dency on Air Tightness," H. Feustel and F. Lenz. Submitted 
to Energy and Buildings_ 

LBL-17585 
"Description of ASH RAE's Proposed Air Tightness Stan
dard," M. Sherman. Published in Proceedings of the 5th AIC 
Conference. October (1984). 

LBL-17590 
"Humidity in Attics-Sources and Control Methods," P. 
Cleary. Presented at the 1984 ACEEE Summer Study, Santa 
Cruz, CA, August (1984). 

LBL-18062 
"Moisture Control by Attic Ventilation-An In-Situ Study," 
P. Cleary. To be presented at the ASH RAE 1985 Annual 
Conference, Honolulu. HI, June (1985). 

1985 

LBL-14589 
"Temperature- and Wind-Induced Air Flow Patterns in a 
Staircase: Computer Modelling and Experimental Verifica
tion," H.E. Feustal, CH. Zuercher, R.C. Diamond, J_B. Dic
kinson, D.T. Grimsrud, and R. Lipschutz. Published in 
Energy and Buildings. 8, (1985). 

LBL-16924 
"A One-Channel Monitor for Wood Stove Heat Output: Pro
ject Report for the Hood River Conservation Program," M.P. 
Modera, B.S. Wagner, and J. Shelton. Presented at the 1984 
American Society for an Energy Efficient Economy, Summer 
Study, Santa Cruz CA, August 14-22 (1984). 

LBL-17587 
"Variability in Residential Air Leakage," M.H. Sherman, DJ. 
Wilson and D.E. Kiel. Presented at American Society for 
Testing Materials Symposium on Measured Air Leakage Per-

3-44 

formance of Buildings, Philadelphia PA, April 2-3, 1984. 
ASTM Special Technical Publication. April (1984). 

LBL-17588 
"Infiltration Models for Multicellular Structures-A Literature 
Review," H.E. Feustel and V.M. Kendon. Published in 
Energy and Buildings, Vol. 8 No.2, pp. 123-136 (1985). 

LBL-17591 
"A Method to Predict the Hour-by-Hour Humidity Ratio of 

Attic Air," P. Cleary and R. Sonderegger. Presented at the 
American Society for Testing Materials, December 2-6 (1984), 
Dallas TX. 

LBL-17593 
"Energy Use Among the Low-Income Elderly: A Closer 
Look," R. C. Diamond. Presented at the 1984 American 
Society for an Energy Efficient Economy, Summer Study, 
Santa Cruz CA, August 14-22 (1984). 

LBL-17773 
"In-Situ Measurement of Wall Thermal Performance: Data 
Interpretation and Apparatus Design Recommendations," 
M.P. Modera, M.H. Sherman and S.G. deVinuesa. Presented 
at the American Society for Testing Materials Symposium on 
Thermal Insulation, Materials and Systems, Dallas TX. 
December 2-6 (1984). 

LBL-17774 
"Seasonal Storage of Moisture in Roof Sheathing," P. Cleary 
and M. Sherman. Presented at the 1985 Symposium on 
Moisture and Humidity Measurement and Control in Science 
and Industry, Washington, D.C., April 15-19 (1985). 

LBL-18924 
"Current Research at Lawrence Berkeley Laboratory on Mul
tizone Infiltration," H. Feustel. To be published in Air Infil
tration Review. 

LBL-18955 
"Ventilation and Infiltration," M. Modera and F. Peterson. 
To be published by the Royal Institute of Technology, Stock
holm, Sweden. 

LBL-19040 
"The Prediction of Air Infiltration," M. Sherman and B. Dic
kinson. To be published in the Proceedings of the CLiMA 
2000 Conference, Copenhagen, Demnark, August 25-30 
(1985). 

LBL-19095 
"Development of a Simplified Multizone Infiltration Model," 
H. Feustal. Published in the Proceedings of the 6th Air Infil
tration Centre Conference, Het Meerdal, Netherlands, Sep
tember 16-21 (1985). 

LBL-19571 
"Energy Impacts of Efficient Refrigerators in the Pacific 
Northwest," M. Sherman, M. Modera and D. Hekmat. 

LBL-19776 
"Multizone Modeling and Air Leakage Analysis," M. Sher
man. Published in the Proceedings of the 6th Air Infiltration 
Centre Conference, Het Meerdal, Netherlands, September 16-
21 (1985)_ 

LBL-20165 
"Building Energy Retrofit Research, Multifamily Sector," R. 
Diamond, C. Goldman, M. Modera, M. Rothkopf, M. Sher
man, and E. Vine. 

1986 

LBL-17585 
"Description of ASH RAE's Proposed Air Tightness Stan
dard," M.H. Sherman. 

LBL-17771 
"Monitoring the Heat Output of a Wood Stove with Surface 
Temperature Probes," M.P. Modera. 



LBL-17940 
"Multicell Infiltration Studies at LBL," H. Feustel. Proceed
ings C1ima 2000, Copenhagen, Denmark, August (1985). 

LBL-18395 
"AC Pressurization: A New Technique for Leakage Area 
Measurement," M.P. Modera. Published in ASHRAE Tran· 
saction I, (1985). 

LBL-18562 
"Impacts of Ventilation Strategies on Energy Use in Single
Family Residences," M.P. Modera. Published in Energy and 
Buildings. 9:239-251 (1986). 

LBL-18660 
"Calculation of Variable-Base Degree-Days and Degree
Nights from Monthly Average Temperatures," R.C. Son
deregger, P.G. Cleary, J.B. Dickinson. Published in ASHRAE 
Transaction V. 91, Pt. I, (1985). 

LBL-18725 
"The Energy Signature Monitor--Development of a Low Cost 
Data Acquisition System," R.F. Szydlowski. Presented at the 
First National Conference on Microcomputer Applications 
for Conservation and Renewable Energy, Tucson, Arizona, 
February (1985). 

LBL-18732 
"Air Leakage Flow Correlations for Varying House Construc
tion," D. Kiel, D. Wilson, M.H. Sherman. Published in 
ASHRAE Transaction I, (1985). 

LBL-19237 
"Infiltration Degree-Days: A Statistic for Infiltration-Related 
Climate," M.H. Sherman. Accepted for publication, ASHRAE 
Transactions, April (1986). 

LBL-19337 
"Seasonal Variations in Effective Leakage Area," J.B. Dic
kinson and H.E. Feustel. Presented at the ASHRAE-DOE
BTECC Conference, Thermal Performance of the Exterior 
Envelopes of Buildings II! , Clearwater, Florida, December 
(1985). 

LBL-19376 
"Ventilation Strategies and Their Impacts on the Energy Con
sumption and Indoor Air Quality in Single-Family 
Residences," D. Hekmat, H.E. Feustel, M.P. Modera. 
Accepted for publication in Energy and Buildings, April 
(1986). 

LBL-20121 
"Low Frequency Measurement of the Leakage of Enclosures," 
M.H. Sherman and M.P. Modera. Submitted for publication 
to Review of Scientific Instruments. 

3-45 

LBL-20236 
"The Energy Signature Monitor (ESM) - Lessons Learned," 
R.F. Szydlowski. Presented at the National Workshop, Data 
Acquisition for Building and Equipment Energy Use Monitor
ing, Dallas, Texas, October (1985). 

LBL-20247 
"Improving Diagnostics and Energy Analysis for Multi
Family Buildings: A Case Study," M.P. Modera, J.T. Brun
sell, R.C. Diamond. Presented at the ASHRAE-DOE
BTECC Conference, Thermal Performance of the Exterior 
Envelopes of Buildings III, Clearwater Beach, Florida, 
December (1985). 

LBL-20364 
"Ventilation Strategies for Different Climates," H.E. Feustel, 
M.P. Modera, A.H. Rosenfeld. Published in the Proceedings, 
ASH RAE Indoor Air Quality Conference, Atlanta, Georgia, 
April (1986). 

LBL-20424 
"Relating Actual and Effective Ventilation in Determining 
Indoor Air Quality," M.H. Sherman and D.J. Wilson. Pub
lished in Building and Environment, August (1986). 

LBL-21046 
"EXEGESIS OF PROPOSED ASHRAE STANDARD 119: 
Air Leakage Performance for Detached Single-Family 
Residential Buildings," M.H. Sherman. Presented at the 
BTECC/DOE Symposium on Guidelines for Air Infiltration, 
Ventilation, and Moisture Transfer, Fort Worth, TX, 
December 2-4 (1986). 

LBL-21771 
"Domestic Hot Water Consumption in Four Low Income 
Apartment Buildings," E.L. Vine, R.C. Diamond, R.F. 
Szydlowski. Printed in Proceedings, ACEEE Conference, 
Santa Cruz, California, August 17-23, (1986). Submitted for 
publication to Energy. 

LBL-21862 
"Ventilation and Occupant Behavior in Two Apartment 
Buildings," R.C. Diamond, M.P. Modera, H.E. Feustel. 
Printed in Proceedings, 7th AIC Centre Conference, 
Stratford-upon-Avon, UK, September (1986). 

LBL-21976 
"Keeping Warm: Findings from the Kansas City Warm Rood 
Retrofit Projects," B.S. Wagner and R.C. Diamond. Proceed· 
ings, ACEEE Conference, Santa Cruz, California, August 
17-23 (1986). Accepted for publication in Energy. 

LBL-22635 
"Guidelines for Air-Leakage Measurements in Single and 
Multifamily Buildings," R.C. Diamond, D.J. Dickerhoff, 
M.H. Sherman. In draft form. 



WINDOWS AND LIGHTING PROGRAM 

INTRODUCTION 

Over 30% of all energy used in buildings is 
attributable to two building elements, windows and 
lighting. Together they account for annual consumer 
expenditures of over $50 billion. Each affects not 
oTlly energy use by other major building systems but 
also comfort and productivity, factors that have a far 
greater influence on building economics than direct 
energy consumption alone. Windows playa unique 
role in the building envelope, physically separating 
the conditioned space from the world outside 
without sacrificing vital visual contact. Lighting 
systems make it possible to conduct any task of any 
visual difficulty anywhere in the indoor 
environment, and at the same time define the 
luminous qualities of the indoor environment. 
These two building elements are thus essential 
components to any comprehensive building science 
program. 

Despite the important achievements in reducing 
building energy consumption over the last decade, 
significant additional savings are still possible. 
These will come from two complementary strategies: 
I) better building designs that effectively apply 
existing technology and extend market penetration, 
and 2) new advanced technologies to increase the 
savings potentials with each application. Both the 
Windows and Daylighting and Lighting Systems 
Research groups have made substantial contributions 
in each of these areas. The ongoing research 
described in the annual summary aims to further 
advance achievement of these goals. 

The Windows and Daylighting Group focuses on 
developing the technical basis for understanding the 
energy-related performance of windows. If the flow 
of heat and light through windows and skylights can 
be properly filtered and controlled, these building 
elements can outperform any insulated wall or roof 
component and provide net energy benefits to the 
building. The group's investigations are designed to 
develop the capability to accurately predict net 
fenestration performance in residential and 
commercial buildings. Simulation studies, field 
measurements in a mobile field test facility, and 
building monitoring studies help us to understand 
the complex tradeoffs in fenestration performance. 
The Group's three major project areas are optical 
materials, fenestration performance, and building 
applications and design tools. 
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In our studies of optical materials and advanced 
concepts, we develop and characterize thin-film 
coatings and other new optical materials that control 
radiant and thermal flows through glazings and study 
innovative concepts for large-area envelop 
enclosures. The program helped accelerate the 
development and market introduction of windows 
incorporating high-transmittance, low-emittance 
coatings for R3-R5 windows. If they sell as currently 
anticipated, they will save consumers over $3 billion 
annually in heating bills alone. 

Our research of window performance aims to . 
develop new analytical models and experimental 
procedures to predict the thermal and solar-optical 
properties of the complex assemblies of glazing 
materials and shading devices that comprISe 
complete fenestration systems. Thermal 
performance models are being validated with the 
Mobile Window Thermal Test (MoWiTT) Facility, 
now collecting data at a field test site in Reno, 
Nevada. This unique facility combines the accuracy 
and control of lab testing with the realism and 
complexity of dynamic climatic effects. LBL 
day lighting studies employ a unique 24-foot-diameter 
sky simulator for testing scale models under carefully 
controlled conditions, and new experimental 
facilities for measuring the photometric and 
radiometric properties of complex fenestration 
systems. 

Building applications studies and design tools 
help us to understand the complex tradeoffs in 
fenestration performance as a function of building 
type and climate. In nonresidential buildings major 
reductions in electric energy use and peak electric 
demand can be achieved if the tradeoffs between 
daylight savings and solar-induced cooling loads are 
understood. We are developing concepts for an 
Advanced Envelope Design Tool using new imaging 
techniques and expert systems. 

The research of the Lighting Systems Group is 
divided into three major areas: advanced light 
sources, building applications, and impacts on health 
and visibility. 

Our light source research is concerned primarily 
with developing new concepts for efficiency 
converting electrical energy into visible light. Areas 
of interest include mechanisms for reducing the 
ultraviolet self-absorption in gas-discharge lamps and 



the excitation of plasma gas at ultrahigh frequency 
ranges (approximately 109 hertz). Both hold the 
promise of a more reliable and more efficient 
conversion of energy into light. 

The building applications research concentrates 
on the design of lighting systems and the effective 
use of lighting controls, and their interaction with a 
building's HV AC system. 

'Research in visibility impacts is focused 
primarily on gaining basic information needed to 
define lighting conditions that enhance productivity 
in a cost-effective manner. It also seeks to determine 
any possible undesirable visual effects, such as 
excessive fatigue, associated with using modern 
office equipment such 'as' visual display terminals in 
an advanced lighting environment. 
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Our studies of health impacts extend electric 
lighting research to a wider, class of human activities. 
In specially designed experimental rooms, conditions 
can be varied, and nonsubjective responses to 
lighting variables can be measured by sensitive 
instrumentation. 

The Lighting Group's successes include 
advancing the development of high-frequency solid
state ballasts for fluorescent lamps and the invention 
of a new high frequency surface wave lamp with 30% 
better efficiency than the common fluorescent lamp. 
A 2-year test of solid-state ballasts in a large office 
building showed an electricity savings of 40%. 
Scaled to the entire country, this represents an 
annual savings of $5 billion. The energy-efficient 
surface wave lamp promises major' reductions in 
energy use with considerably longer lamp life. 



Windows and Daylighting* 

s.£. Selkowitz. D. Arasteh. D.L. DiBartolomeo. 
A.J. Hunt. R.L. Johnson. H. Keller. J.J. Kim. 
J.H. Klems. CM. Lampert. K. LofJtus. 
K. Papamichael. M.D. Rubin. M. Spitzglas. 
R. Sullivan. P. Tewari. and C.M. Wilde 

Approximately 20% of annual energy consump
tion in the United States is for space conditioning of 
residential and commercial buildings. About 25% of 
this amount is required to offset heat loss and gain 
through windows. In other words, 5% of U.S. energy 
consumption-the equivalent of 1.7 million barrels 
of oil per day-is tied to the performance of win
dows. Fenestration performance also directly affects 
peak electrical demand in buildings, sizing of the 
heating, ventilating, and air-conditioning (HV AC) 
system, and the thermal and visual comfort of build
ing occupants. 

The aim of the Windows and Daylighting Group 
is to develop a sound technical base for predicting 
the net thermal and daylighting performance of win
dows and skylights. The group's work will help gen
erate guidelines for design and retrofit strategies in 
residential and commercial buildings and will help 
develop new high-performance materials and 
designs. 

One of our program's strengths is its breadth and 
depth: at one extreme, we examine energy-related 
aspects of windows at the atomic and molecular level 
in our materials science studies, and at the other 
extreme, we perform field tests and in-situ experi
ments in large buildings. We have developed, vali
dated, and use a unique, powerful set of computa
tional tools and experimental facilities. Our scien
tists, engineers, and architects work in collaboration 
with researchers in industry and academia. 

To be useful, the technical data developed by our 
program must be communicated to design profes
sionals, industry, and other public and private 
interest groups. We publish our results and partici
pate in industrial, professional, and scientific meet
ings and societies, national and international, to 
ensure that our research results are widely dissem
inated. 

*This work was supported by the Assistant Secretary for Conser
.,.Yation and Renewable Energy. Office of Buildings and Communi
ty Systems, Building Systems Division and Office of Solar Heat 
Technologies, Solar Buildings Division of the U.S. Department of 
Energy under Contract No. DE-AC03-76SF00098. 
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Our research is organized into three major areas: 
Optical Materials and Advanced Concepts 
Fenestration Performance 
-Thermal analysis 
-Daylighting analysis 
-Field measurement facility 
-Building monitoring 
Building Applications and Design Tools 
-Nonresidential studies 
-Residential studies 
-Occupant impacts 
-Design tools 

OPTICAL MATERIALS STUDIES 

Significant reductions in energy consumed by 
buildings will come not only from better building 
design, but also from the development and introduc
tion of new glazing materials. Since the inception of 
our program in 1976, we have worked to identify, 
characterize and develop promising new fenestration 
materials to assist industry with developing the next 
generation of advanced fenestration systems. We 
also provide scientific coordination for DOE-funded 
research projects at universities, private-sector firms, 
and other national laboratories, and work to transfer 
our research results to the private sector. 

In 1976, we made the development of low
emittance (low-E) coatings a major program objec
tive. DOE-supported research has accelerated 
market introduction of new high-performance low-E 
window systems. Several small firms began offering 
commercial products in 1982, and in 1984 many of 
the largest glass and window manufacturers intro
duced low-E products. The use of low-E coatings in 
a conventional double-glazed window provides better 
thermal performance than triple glazing and makes a 
lighter and more compact window. In the long term 
this coating technology could produce windows hav
ing heat transfer values as low as those of insulating 
walls. On an annual basis such windows should out
perform the best-insulated wall. 

CLASS AND PLASTIC SUBSTRATES 

To predict the pe~formance of complex window 
systems, we must accurately know the optical proper
ties of their coatings and glass and plastic substrates. 
Until recently, scientists did not fully understand 
these properties for even the most common varieties 
of glass used in windows. We have completed work 
on standard clear glasses, glasses having absorbing 
additives, and high-purity glasses. Our results were 



summarized in a paper that includes a complete set 
of optical constants from the near ultraviolet through 
the little-studied far infrared for all common window 
glasses. I We also provided spectrally and direction
ally averaged bulk properties for calculating solar 
and thermal radiative heat transfer through windows. 

Accomplishments During FY 1986 

With the increasing marketing of low-E window 
systems, there is a concern that emittance be prop
erly measured, calculated, and specified. Normal 
emittance can be measured in a spectrophotometer, 
but hemispherical values are required for thermal 
analysis. In FY 1986 we developed a procedure to 
determine the hemispherical emittance of a low-E 
coating if the normal emittance is known. This corre
lation, shown in Fig. . I, is now used by industry 
groups as standard procedure. 

Planned Activities/or FY 1987 

We will continue measurement and analysis of 
coated glazings, seeking generalizable relationships 
between simple, measurable parameters andihe 
more complex angle-dependent and spectrally depen
dent behavior of specific coatings. We will also con
tinue collaborative work with an industry group 
developing voluntary standards for measurement of 
emittance. 

DURABLE LOW-EMITTANCE COATINGS 

Since 1976 we have contributed to the develop
ment of low-E window coatings that transmit sun
light but reflect thermal infrared, thus suppressing 
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radiative heat transfer. Commercially available coat
ings based on vacuum-deposited metal-dielectric 
multilayer films have satisfactory optical properties 
and a low emitta;}ce value, 0.1-0.15, but are not suf
ficiently durable to be used in nonsealed glazings. 
Pyrolytic films deposited directly on glass in the float 
process are more durable but typically have a higher 
emittance, 0.35, and thus lower energy savings 
potential. We approach the problem by identifying 
materials with good intrinsic durability and then 
attempting to improve the emittance and solar
optical properties. 

Accomplishments During FY 1986 

We began by studying the titanium oxynitride 
(TiNxOy) system, producing these gradient-index 
coatings first by plasma-assisted chemical vapor 
deposition (PCVD) and later by sputtering. We 
installed a new reactive sputtering system with 
improved glass flow controls and successfully fabri
cated a series of gradient-index and multilayer films. 
The coatings were characterized by electron micros
copy, Auger electron spectroscopy (AES), and Ruth
erford backscattering (RBS), in addition to complete 
optical characterization. A complete phase diagram 
of the Ti-O-N system was constructed. Multilayer 
Ti02~TiN-Ti02 coatings were successfully deposited 
with excellent optical and emittance properties, as 
shown in Fig. 2. 

Planned Activities for FY 1987 

We expect to optimize the properties of the mul
tilayer TiN-based low-E coating. Detailed data on 
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deposition parameters and coating properties will be 
supplied to industry with the objective of getting our 
results duplicated on production-scale sputtering 
machines. New coating materials and designs will 
also be explored. 

LOW-CONDUCTANCE, HIGH-TRANSMITTANCE 
GLAZINGS 

An ideal glazing material for windows in cold cli
mates would have good optical clarity, high solar 
transmittance to admit sunlight in winter, and low 
thermal conductance to reduce heating costs. Such 
windows would' perform better, annually, than insu
lated walls, even in northern orientations in cold cli
mates. Simulation results for a south-facing window 
in Madison, Wisconsin, are shown in Fig. 3. Win
dows must have U-value and shading coefficient 
combinations that place them to the right of the "0" 
net heat transfer line if they are to provide net 
energy benefits. The widespread market introduc
tion and acceptance of low-E coatings has raised typ
ical window R-values from R2 to R3. Our objective 
is to develop the technology base for cost-effective 
high-R window systems with R > 6 and shading 
coefficient> 0.5. 

Gas-Filled, Low-E, R Windows 

The capital investments that would be required 
for the fenestration industry to produce the newest 
window designs are prohibitive in the short term, 
but several firms are developing high-R windows 
using conventional technologies such as combina-
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tions of gas fills and low-E coatings. 2 Many of these, 
however, are bulky and heavy insulating glass (IG) 
unit~. 

We have developed a design for a high-R insu
lated glazing assembly using two low-E coatings and 
a krypton-based gas fill that is approximately the 
same weight and thickness as conventional IG units. 
A prototype will be built and tested in FY 87 with 
ccisupport from the Bonneville Power Administra
tion. The assembly will have R-values between R6 
and RIO, depending on design specifics. The public 
release of design specifics awaits a DOE patent clear
ance. 

Aerogel 

Transparent silica aerogel is being developed for 
window glazing because of its excellent thermal insu
lation properties. It is an open-cell porous solid con
taining a very high percentage of voids. Aerogel is 
transparent rather than translucent because the 
characteristic pore size is much smaller than the 
wavelength of light; therefore, it transmits rather 
than scatters light. A 1/2-inch-thick aerogel slab has 
a thermal resistance of about R-l 0, if partia1\y evacu
ated. The goals of our research are to improve the 
optical and thermal properties of aerogel, discover 
less expensive synthesis methods, and develop tech
nology for production of transparent aerogels. 

Accomplishments During FY 1986 

During FY 1986 we carried out basic studies of 
the alcogel preparation process to understand and 

U(W/m20C) 
g 6.46 
g-g 2.87 
g-g-g 1. 8 
g-eg 1.92 
g-ep-g 1.32 
1-1 2.87 
1-1-1 1.80 
g: 1/8" DS float glass 
1: 1/8" low-iron sheet glass 

SC 
1.0 
0.88 
0.8 
0.77 
0.67 
0.97 
0.9 

e: low-emittance coating, e ~ 0.15 
p: 4-mil polyester 
All air gaps are 12.7 mm (1/2") 
U-value: Standard ASHRAE winter conditions 
sc: Standard ASHRAE summer conditions 

Figure 3. Net annual useful flux in Madison, WI, for a primary window area of 6.l3m2, with an orientation due 
south. The performance of typical glazing property is also shown. (XBL 876-2807) 
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reduce light scattering, 4,5 initiated work to scale up 
the maximum size of the aerogel samples that could 
be dried, and studied the heat and light transfer pro
perties of aerogel. 6 The time evolution of light 
scattering was used to follow the formation of the gel 
and understand and reduce the light scattering. 

We prepared aerogel samples with solar 
transmittance greater than 86% and thickness of 20 
mm. Aerogel of this thickness has a thermal resis
tance of about 5.5, which can be tripled by partially 
evacuating the window system to 0.1 atmospheres. 6 

Alternative vacuum window concepts require a high 
vacuum that is very difficult to maintain over win
dow life. A reasonable commercial design for an 
aerogel window is a 12mm (1/2 in) evacuated confi
guration with a thermal resistance of R-l O. 

We undertook development to scale up the 
supercritical drying process to produce larger sam
ples. An improved drying process, developed earlier 
at LBL, reduces the temperatures and pressures 
required for aerogel manufacturing processes. The 
new process substitutes liquid CO2 for the alcohol in 
the alcogels prior to supercritical extraction. In FY 
1986 a new larger autoclave based on this process 
was designed and fabricated. Development of instru
mentation to monitor the conditions in the autoclave 
was initiated late in FY 1986. 

Planned Activities for FY 1987 

Our primary goal for FY 1987 is to further 
decrease the scattering of aerogel to improve its 
acceptability as a window material. We will further 
investigate the effects of temperature and catalyst 
during the gelling process. The large autoclave will 
be instrumented and then installed to prepare larger 
samples for thermal testing. 

CHROMOGEN1C MATERIALS RESEARCH 

Optical switching materials or devices can be 
used to dynamically control transmission of solar 
radiation through windows by changing its optical 
properties in response to light, heat, or electrical 
field. Initial results of energy simulation studies of 
office buildings suggest that an automatically con
trolled optical shutter coating can provide substantial 
economic benefits by minimizing cooling and light
ing energy use, reducing peak electrical demand and 
HV AC system size, and improving thermal and 
visual comfort. Thermochromic and photochromic 
systems may have less universal application than 
actively controlled electrochromic coatings, but may 
be simpler and cheaper to produce and perform 
equally well for specific building applications. 
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Electrochromic Materials 

Electrochromism is exhibited by certain metal 
oxide and organic materials. 7 An anodic electro
chromic material undergoes an intense color change 
when a colored compound is formed from both dual 
ion and electron extraction. We are studying 
hydrated nickel and manganese oxides as optical 
switching materials for electrochromic devices. 

Accomplishments During FY 1986 

Our emphasis is on developing a detailed under
standing of the behavior of electrochromic films in 
order to improve their operating properties. We 
determined the spectral solar transmittance for 
hydrated nickel films switched in liquid cells con
taining a KOH electrolyte. The solar transmittance 
can be switched from 73 to 35% for a single I-volt 
pulse for a film of 500 A thickness. Even: greater 
dynamic range, 74% to 25%, is achieved in the visi
ble. Ion backscattering spectrometry, sputter-Auger, 
and x-ray photoelectron spectroscopies were used to 
chemically characterize hydrated nickel oxide films. 8 

Cyclic voltammetry was used to characterize the 
switching reaction.9 We also did initial analysis of 
hydrated manganese oxide as a potential ion-storing 
counter electrode material and developed potentially 
faster and lower-cost electrochemical processes to 
deposit nickel and manganese hydroxide directly on 
to doped ti~~oxide-coated glass. 

Planned Activities for FY 1987 

We will continue our research on hydrated nickel 
and manganese oxides, especially on the molecular 
and structural transformation in hydrated nickel 
oxide during switching, and on cyclic stability. We 
will also begin to study devices using nickel oxide, a 
polymeric ion conductor and a suitable counter elec
trode material. 

Thermochromic Materials 

Simpler thermochromic coatings that switch in 
response to heat or light may also be useful, particu
larly if these coatings can be fabricated and installed 
less expensively than more complex electrochromic 
coatings. A thermochromic material might, for 
example, be used in sun-belt residential windows. 

Accomplishments During FY 1986 

In FY 86, we started work on a thermochromic 
vanadium oxide coating. Prior work by Honeywell 
suggested that V02 was a promising material, 



although its transition temperature was too high for 
use in buildings. Jorgenson successfully demon
strated that the transition temperature could be 
reduced by doping the oxide. We studied the optical 
and long-wave IR properties of the coating to deter
mine its suitability for a combined low
E/thermochromic coating for windows in sun-belt 
residences. Initial tests suggest that the emittance 
effect is not large enough to influence performance 
but the coating does switch over a moderate range. 

Planned Activities for FY 1987 

The objective in FY 87 will be to raise the 
overall transmittance of the film while maintaining a 
dynamic transmittance range of at least 2: 1. Simula
tion studies will be used to quantify the performance 
of alternative coating and window designs. 

MATERIALS FOR IMPROVED USE OF 
DAYLIGHT 

Conventional methods of controlling the inten
sityand spatial distribution of daylight in buildings 
rely on architectural elements and interior or exterior 
shading devices. Greatly improved performance 
would result from materials or systems that could: 
(I) transmit maximum daylight with minimal cool
ing load impact (i.e., reject solar infrared radiation); 
(2) collect and distribute daylight beyond the perime
ter zones in buildings; and (3) provide angular selec
tivity in accepting and redirecting incident light at 
the building envelope. 

In earlier studies we evaluated the performance 
of a variety of devices for daylight acceptance and 
control on the basis of their reflective and refractive 
optics. In 1982 we reviewed the feasibility of inno
vative optical materials and devices such as fiber
optics systems, hollow light guides, holographic coat
ings, selective-reflectance materials, and scattering 
media. . 

Light Guide Systems 

Daylighting can reduce electricity use and peak 
demand in buildings. However, its application is 
currently limited to work areas close to windows and 
skylights. There is sufficient usable flux on the exte
rior skin of a building, however, to provide adequate 
illumination throughout any building. The technical 
challenge is to collect, transmit, and distribute the 
light where it is needed. We believe that light 
transmission systems are the critical optical elements 
for succe!,sfully developing core daylightin·g systems. 
Weare developing the performance data necessary to 
evaluate the economic feasibility of such systems. 
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Accomplishments During FY 1986 

Previous simulation studies have shown that 
several types of solid and hollow light guides can 
transmit significant fractions of incident light. Per
formance is a function of materials, geometry, and 
incident sun conditions. Figure 4 illustrates the 
importance of surface reflectivity and the degree of 
collimation of the input light beam for a hollow, 
reflective light guide. A modest increase in reflec
tivity from 85 to 95% results in a large increase in 
net transmittance, particularly for a poorly col
limated beam. We have determined that guide 
transmittance of greater than 50% appears possible 
over a distance of 50 ft for a 2-ft-square guide. Opti
cal measurements on a scale-model guide have corro
borated these findings. We have begun a mathemati
cal study of total optical system performance includ
ing the coupling between collector and guide optics, 
and we simplified a technique for analyzing overall 
optical system performance. 

Planned Activities for FY 1987 

We will continue modeling studies to determine 
the overall performance of alternative optical system 
designs. The most promising systems will be tested 
in scale models. DOE-2 will be used to estimate the 
annual performance of different systems in different 
climates. 
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ADVANCED GLAZINGS FOR AUTOMOBILES 

We have begun investigating new advanced glaz
ing for automobiles. Automobile aerodynamics and 
styling trends dictate greater glass areas, which bur
den downsized air conditioners and reduce thermal 
and visual comfort. Our objective is to determine 
which properties can best meet the optical perfor
mance needs in the automobile industry and to 
investigate appropriate materials to. fill these needs. 
Our initial task is to develop a better understanding 
of the technical performance issues through optical 
and thermal mOdeIingstudies. 

Accomplishments During FY 1986 

One initial task was to lay groundwork for 
cooperative studies between LBL and automobile 
and glass manufacturers, who have provided data for 
our modeling studies. 

For our thermal analysis simulation tool, we 
selected the Environmental Systems Performance 
program (ESP), developed by the Architecture and 
Building Aids Computer Unit (ABACUS) at the 
University of Strathclyde in Glasgow, Scotland. This 
program has the flexibility of a user-friendly yet 
rigorous analytical methodology and predicts loads, 
cooling system response, surface temperatures and 
comfort conditions. We simulated hot-day soak con
ditions for two typical automobile sedans and com
pared several glazing systems (Fig. 5). 

Planned Activities for FY 1987 

We plan extensive parametric simulations using 
ESP to analyze variables including automobile 
model, window placement and sizing, and glazing 
optical properties and orientation. Static soak condi
tions and the cool-down characteristics of air condi
tioners will also be examined, as well as possible 
changes in the interior characteristics of the automo
bile to reduce the effects of extreme solar loads. We 
hope to begin a modest measurement program to 
verify our simulation results. We plan to document 
interior surface temperature effects using an infrared 
thermography system. 

FENESTRATION PERFORMANCE 

Research activities in this area are intended to 
characterize the performance of fenestration com
ponents and complete systems over the entire range 
of operating conditions in any climate or building 
type. The research will develop and refine experi
mental techniques and analytical models for accu
rately determining heat transfer and solar optical 
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Figure 5. Interior air temperature versus time of day for 
a sports model automobile under static soak conditions in 
Phoenix, AZ on a clear day on a typical June 30th. Curves 
are shown for glazings with varying solar transmittances. 
Direct solar transmittance at normal incidence (%): 

Glazings Front Rear Side 
A 83 83 83 
B 43 43 43 
C 43 23 23 
0 43 3 3 

(XBL 876-2800) 

properties of fenestration components and systems 
and will validate these models in field test facilities 
and occupied buildings. Many of the new algorithms 
and data sets are designed to be incorporated into 
hour-by-hour building energy simulation programs 
such as DOE-2.1. These data will not only improve 
the accuracy of our predictions but will also allow us 
to predict the performance of new fenestration sys
tems and novel architectural designs. Our plan for 
developing and implementing these new analysis 
capabilities in energy simulation models is shown 
schematically in Fig. 6. 

THERMAL ANALYSIS 

Most design and engineering estimates of the 
energy impacts of windows rely primarily on calcu
laied values of heat transfer. In the past when com
parisons were usually between single and double 
glazing, accuracy and consistency in calculating rela-
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tive heat transfer rates was not essential. Today a 
proliferation of new window designs makes it possi
ble to find windows with U-values over a continu
ous range of 0.2 - 0.9 Btu/ hroF ft 2. Small differences 

. in U-values (because of differences in calculation 
techniques) can now make a large difference in 
marketing and purchasing decisions. 
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The obj ective of our work is to develop a calcu
lation method to predict the thermal and optical pro
perties of windows from materials properties and 
dimensions. New window concepts can be com
pared to conventional windows without expensive 
laboratory or field testing. The method we develop 
can also be the basis for an industry-wide standard. 



Accomplishme!71s During FY 1986 

Initial objectives were to develop a model to 
predict thermal properties (e.g., U-values and shad
ing coefficient) of glazing systems incorporating vary
ing substrate types , coatings, gas fills , etc. The calcu
lation procedure is described in detail in an earli er 
paper 10 and has been used as an in-house computer 
program for several yea rs. In December 1985 we 
released a PC version of this program , WINDOW 
1.0. By July 1986, major changes had been made to 
the program to make it more user-friendly and a 
simple one-dimensional frame-effects model was 
added. This version and an accompanying user and 
reference manual were released as WINDOW 2.0 II. 

More than 100 copies ha ve been distributed 
throughout the fenestration industry. WINDOW 2.0 
was validated by comparing predictions to U-value 
data from five manufacturers and researchers 12. 

Planned rlClil'ilies For FY 1987 

In response to industry requests, in FY 87 we 
will enhance the frame model, add new algorithms 
for solar optical properties, and provide data bases of 
optical properti es. By prov iding the calculation pro
cedure in an easy-to-use microcomputer program , we 
have encouraged the acceptance of this calculation 
method as a de-facto standard. 

DA YLIGHTING STUD1ES 

Providing daylight to building interiors is one of 
fenestration's most important functions , both from 
an energy perspective and from an occupant's point 
of v iew. We conduct a wide range of activities to 
establish the facilities , tools and data to address these 
perspecti ves. 

Daylighting Optics of Complex Glazing and 
Shading Systems 

A quantitative understanding of the solar-optical 
properties of fenestration systems is essential for us 
to accurately calculate day light illuminance leve ls , 
glare potential , solar heat gain, and thermal comfort. 
Our existing models are adeq uate for determining 
the properties of simple, but not complex , fenestra
tion systems. We want to develop a m ethodology to 
analyze the luminous and solar heat gain perfor
mance of any complex fenestration system . We 
determine daylight performance by trea ting fenestra 
tion systems as light sources of vary ing candlepower 
distribution that can be calculated from bidirec tional 
solar-optical properties. This information can be 
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used in a daylighting model to predict interior 
illuminance distribution. We derive solar heat gain 
by processing the directional-hemispherical so lar
optical properties to get the total transmitted and 
absorbed radiation. For th ese purposes, we have 
developed two new experimental facilities , a scan
ning photometer radiometer and an integrating 
sphere. 

The scanning photometer/ radiom eter is used to 
determine the bidirectional transmittance and reflec
tance of fenestration co mponents and systems, i.e. , 
the fraction of the incoming radiation from any sin
gle direction that is transmitted or reflected toward 
any single outgoing direction (Fig. 7). 

We use the integra ting sphere to determine the 
directi o nal hemisph erical transmittance of fenestra
tion components and systems, i.e the fraction of the 
incoming radiation from any single direction that is 
transmitted toward all outgoing directions (Fig. 8). 
These two facilities are part of a Daylighting Labora
tory that includes a roof-top station for measuring 
daylight avai lability, outdoor scale-model test facili
ties, and a 24-ft-diameter sky simulator for making 
scale model building measurements under controlled 
conditions. 

Accomplishments During FY 1986 

We concentrated on deve loping methodology, 
ex perimental facilities, and software for the manipu
lation of th e measured directional-hemispherical and 
bidirectional solar-optical properties. We hav~, 

automated the movements and the data acquisition 
system of our scanning radiometer. 

Figure 7. Venetian blind being tested in the scanning 
photometer/ rad iometer. (CBB 867-5656) 



Figure 8. The integrating sphere for m easuring hemis
pherical transmittance of glazing materials and fenestration 
systems. (CBB 837-6399) 

We developed a new computer program , TRA 
(Transmittance Reflectance Absorptance), which cal
culates the bidirectional solar-optical properties of 
complex fenestration systems given the bidirectional 
solar-optical properties of their component layers. 
Additional software was partly implemented for 
determining the hemispherical-hemispherical and the 
hemispherical-directional solar-optical properties of 
fenestration systems for the CIE overcast and clear 
sky luminance distributions, given their directional
hemispherical and bidirectional solar-optical proper
ties. These data will serve as input to the SUPER
LITE and the WINDOW computer programs for 
determining daylight and thermal performance, 
respectively. 

Planned Activities /or FY 1987 

We will continue developing and documenting 
the methodology, concentrating on new detectors 
and a more versatile computerized data collection 
system for the scanning radiometer and the required 
software for the manipulation of bidirectional solar
optical properties. Our goal is to entirely automate 
the procedures for data collection and manipulation 
to generate a data base for a large number of fenes
tration systems. This data base will be input to 
energy analysis programs such as DOE-2. 

We also intend to intervalidate our experimental 
facilities and analytical routines, as illustrated in Fig. 
6. 
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The Sky Simulator and Daylight Photometric 
Laboratory 

A 24-ft-diameter hemispherical sky simulator 
(Fig. 9) was designed and built on the University of 
California's Berkeley campus in 1979. In operation 
since 1980, it can simulate uniform , overcast , and 
clear-sky luminance distributions. Sky lum inance 
distributions are reproduced on the underside of the 
hemisphere ; light levels are then measured in a 
scale-model building at the center of the simulator. 
From these measurements we can accurately and 
reproducibly predict daylighting illuminance patterns 
in real buildings and thereby facilitate the design of 
energy-efficient buildings. The facility is used for 
research (Fig. 10), for educational purposes, and on 
a limited basis by architects working on innovative 
daylighting designs. 

Accomplishments During FY 1986 

Sky simulator research was limited in FY 86 
because of funding reductions. However, it contin
ued in its role as an educational facility and was 
used by a number of architects and lighting designers 
to evaluate the effectiveness of daylighting designs. 

Figure 9. Schematic of 24-ft d iameter sky simulator wi th 
model on platform. (XBL 8412-5328) 



Figure 10. Interior of sky si mula to r sh owing reconfigur
a bl e sca le m odel of a fi ve-story a trium (with one side 
removed). (CBB 848-5926) 

Planned /"lClil'ilies/or FY 1987 

Research , educati o nal and professional activities 
will co ntinue in the sky sim ulator. 

Day lighting Anal ysis 

In previo us years we develo ped several simpli
fi ed daylighting design too ls (s uch as the QUI CK
LITE program), that are now widely used in the 
a rchitcct ural a nd lighting design commun ities. Last 
year we expanded th e range of m odeling capabiliti es 
and im pro ved computationa l accuracy in SUPER
LITE. ou r adva nced program. A col laborative effo rt 
to develop a new lighting/daylighting m odel was a lso 
initiated. 

Accomplishmenls During FY 1986 

We continued to tes t and cvalua te SUPER LITE, 
concen trat ing on its ability to model co mplex shad
ing systems. Our approach is to define the daylight 
tran smittance properties of the window and shad ing 
system as a candlepower distribution function that 
varies with sky conditions a nd/ or the in cidence angle 

4-12 

of sunlight. We initially used theoretical distribu
tions that could be compared to resu lts generated by 
other computational techniques. This comparison 
showed good agreement. 

We continued tests of a version of SUPERLITE 
with an electric lighting modeling capability. This 
new capability will allow us to study the combined 
effects of daylight and electric light in a room. 

We also worked jointly with the ABACUS group, 
Uni ve rsity of Strathclyde, Scotland, to develop an 
improved lighting/ daylighting model for their build
ing simulation program, ESP. This model, still 
under development , calculates spectral data so that 
illumina nce results can be accurately reproduced on 
a color computer monitor. It can also model specu
lar surfaces. Linked to a graphics package, which 
displays 3-D room views, it should provide a signifi 
cant advance in o ur ability to accurately represent 
illuminated interior spaces. 

Planned Actil'ilies/or FY 1987 

We wi ll continue testing and va lidation of 
SUPERLITE's modeling of shading devices, using 
candlepower data sets m easured by the luminance 
scanner. Collaboration on development of the new 
ESP hghting model will continue. 

Coefficient-of- U tilization Model for Energy 
Sim ulation Models 

Building energy analysis computer models must 
be able to predict the daylighting performance of 
complex design strategies commonly used by innova
tive architects. The models should either internally 
calculate the daylight illumination or be supplied 
with data precalculated by other illumination models 
or measured in scale models. The first approach, 
internal calculation of daylight illumination, is gen
era lly impractical for complex designs because of the 
significan t computational cost a nd complexity 
required to obtain reasonably accurate answers. We 
are therefore developing a coefficient-of-utilization 
(CU) m odel that will be compatible wi th a n hour
by-hour simulation model but still retain the flexibil
ity and accuracy of more complex computational 
models. 

Accomplishmenls During FY 1986 

Our approach is to derive the CU model from 
regression analysis of a parametric series of daylight
i:1g analyses using SU PERLITE. We previously 
modified SUPERLITE to generate these parametric 
se ries and also modified the output to report the 



indoor illuminance level due to each external light 
source-sun, sky, or ground. 

We used a statistical computer software package 
to generate test regression equations for the sun, sky, 
and ground with a limited number of generalized 
variables (e.g., location of window, window dimen
sions). Initial results suggest that good fits can be 
obtained with relatively simple regression expres
sions. However, more extensive analysis is required 
to extend this to a wide range of room and fenestra
tion conditions. 

Planned Activities Jar FY 1987 

We will expand the effort to develop new CU 
models that can handle greater va riation in room 
geometry and surface reflectance. After we generate 
all equations, they will be thoroughly tested and vali
dated. The final model will be incorporated into 
future versions of DOE-2 and may also be a stand
alone illuminance model. 

Daylight Availability Studies 

Accurate daylight availability models are neces
sary for many design and energy analysis simula
tions. In 1978 we began an availabi lity measure
ment project , as data were lacking for most U .S. 
locations. However, a widely accepted generalized 
model of availability in the U.S. has yet to be 
developed. 

Accomplishments During FY 1986 

We previously published three papers analyzing 
daylight availability data for San Francisco.13- 15 

Analysis focused on the relationship of measured 
illuminance and irradiance to atmospheric parame
ters such as turbidity. A new functional relationship 
was developed to determine an illuminance turbidity 
for visible radiation analogous to the conventional 
turbidity terms used with solar radiation. We also 
developed new functional relationships for zenith 
luminance as a function of turbidity and found that 
our clear-sky luminance distribution data agree well 
with data from currently accepted European models. 
These results were published in the Technical 
Proceedings of the International Daylighting Confer
ence. 16 

In FY 86 our focus shifted to developing a better 
understanding of the nature of partly cloudy skies. 
Using a trailer-mounted sky luminance mapper 
developed by the Pacific Northwest Laboratories 
(PNL) (Fig. I I) we measured sky luminance profiles 
every few minutes throughout the day on the roof of 
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Figure 11. The sky luminance mapper on the roof of the 
Space Sciences Laboratory. (CBB 876-4910) 

the Space Sciences Laboratory in the Berkeley hills. 
Analysis of the data is being completed at Florida 
Solar Energy Center (FSEC). 

Planned Activities Jar FY 1987 

We will continue to analyze our eXlstmg data 
base and complete a study of the luminous efficacy 
of daylight and sunlight. Data collection with the 
sky luminance scanner will be completed. We will 
collaborate with FSEC researchers on analysis of the 
availability data but will reduce the overall activity 
in this area at LBL. 

MOBILE WINDOW THERMAL TEST (MoWiTT) 
FACILITY 

We have known for some time that wi ntertime 
solar heat gain through south-facing windows in con
ventional buildings is a significant source of "free" 
energy. Calculations have indicated that it is techni
cally possible, for any orientations in any U.S. cli
mate, to use windows so that they help a building 
meet its own energy needs. 

This claim is not likely to be widely accepted 
without firm experimental verification . However, 
measuring the performance of highly optimized win
dow systems in a realistic way is a formidable task , 
requiring specialized non-steady-state calorimetry on 
a scale never previously attempted. 

To perform these measurements, a unique facil
ity, the Mobile Window Thermal Test (MoWiTT) 
facility , was designed, built , and calibrated. In 
developing this facility we had to solve the problem 
of doing calorimetry on a room-sized enclosure 
(which would normally require careful maintenance 



of constant equilibrium conditions) in the presence 
of the solar fluxes and changing outdoor tempera
t ures that control the behavior of a fenestration sys
tem. We solved this problem with a large-area heat 
flux sensor and a very sophisticated measurement of 
the heat extracted from the calorimeter by its cooling 
system. The MoWiTT, shown in Fig. 12, began 
operation Il1 1986 at a field test site in Reno, 
Nevada. 

Accomplishments During FY 1986 

One of our first tasks was a study of newly com
mercialized low-emissivity insulating glazings, which 
are now offered by nearly every major U.S. glass 
and window supplier. There has been, however, no 
convincing demonstration that the expected energy 
improvements occur in actual use , and the existence 
of products with differen t emissivities (hence, dif
ferent U -values) had caused considerable confusion 
in the marketplace. 

A definiti ve study using the MoWiTT is ending 
th is uncertainty. A direct measurement of heat loss 
coefficient. or U -value, under realistic outdoor con
ditions (Fig. 13) showed that th e impro ve ment 
expected with low-E glazings indeed occurs. The 
measured average U-value reduction of (30 ± 5%) 
agrees well with th eore tical calculations using the 
WINDOW 2.0 program. Furthe r measurements of 
the net heat flow through the window (Fig. 14) 
demonstrated the effects of solar absorption in the 
low-emissivity coating. Because of this absorption, 
t he overall effect of adding a low-emissi vi ty coating 

Figure 12. The MoWiTT facility at its field test loca ti on 
in Reno. Nevada . The portable building at left contains 
the computer wh ich controls the facility and records data. 
including data from the on-site weathe r tower. (CBB 860-
10756) 
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Measured U- Value: Double/Low-E Double Glazing 
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Figure 13. Measured nighttime U-values for clear and 
low-E double-glazed sca led-insulating-glass units. A meas
urement is made each 15 minutes. U-va lue fluctuates as a 
result of changing wea ther conditions, but. the difference 
between the two unit s remains relatively constant. (XBL 
876-279 7) 

to double glazing is not simply the difference in 
nighttime hea t loss: daytime solar heat gain is also 
red uced. The net effect of the fenestration on a 
building's energy balance will depend on how benefi 
cial or detrimental solar gain is, and this depends on 
the climate, the orientation of the fen estration , and 
on the building's heating or cooling demand and 
thermal capacity. Thus. we must know the true heat 
transfer through the window as a function of time in 
order to take full advantage of new window pro
ducts. 
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Figure 14. The measured hea t flo w through clear and 
low-E double-glazed sealed-insulating-glass units over a 
single diurnal cycle. The low-E unit reduces heat gain dur
ing the day and hea t loss at night. (XBL 876-2 795) 



Planned Activities for FY 198 7 

During 1987 we will measure low-
emissivityj low-shading-coefficient glazings, and 
"high-R" windows that combine low-E coatings with 
special gas fillings to produce the thermal equivalent 
of four or more glass layers (R-6 to R-I 0). 

A systematic field study of the thermal perfor
mance of conventional glazing systems is also under 
way. Because window characteristics such as U
value are to some extent dependent on ambient con
ditions, there is controversy about how laboratory 
tests of window properties should be used to predict 
the heating or cooling energy use attributable to the 
windows. Beginning with simple frameless windows 
and working toward increasingly complex systems, 
our study will test current methods (e.g., DOE-2) of 
calculati ng window performance in detail , and will 
delineate the extent to which simplified models can 
be used. 

We have made summer tests of single, double, 
reflective and absorbing glazings. During 1987 we 
will perform winter tests and study windows with 
frames (a cooperative project with support from the 
Bonneville Power Administration). The effect of 
frames and spacers in possibly degrading thermal 
performance, especially for low-E glazings, is 
currently the subject of disagreement within the 
fenestration industry. Exploratory studies of aIr 
infiltration fenestration performance will also be 
done. For reasonably well -constructed single- or 
double-glazed windows, fenestration-associated aIr 
infiltration is 10-20% of the nighttime heat loss. As 
glazings become more thermally insulating, the signi
ficance of air infiltration increases rapidly , making 
concommittant improvements in fram e and sash 
design essential. MoWiTT measurements may help 
to focus attention on this need. 

These and future measurements with the 
MoWiTT have the potential for removing uncertain
ties about window performance that have slowed 
progress in energy conservation during the past 

decade. 

MONITORED BUILDINGS 

Buildings are rarely built as designed and even 
less frequently operated as planned. In addition, 
occupants can significantly alter energy consumption 
patterns. Thus, for energy performance to be accu
rately quantified, it is essential to monitor fenestra
tion performance in occupied buildings. In 1984, 
with support from Pacific Gas and Electric Com
pany, we began a project to monitor an award
winning 500,000-ft2 office building that incorporates 
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a number of innovative daylighting and fenestration 
systems. The objective was not only to better under
stand how the fenestration systems perform but also 
to develop a building monitoring approach that col
lects better data , useful for quantifying fenestration 
performance, at lower cost than has been possible 
before. 

Accomplishments During FY 1986 

The data collection and analysis begun in FY 85 
was successfully completed in FY 86. This included 
short-term, multi-point monitoring of selected areas 
and lighting circuits, well as more limited longer
term measurements of light levels and electrical 
requirements. The data indicate that the architec
tural design is admitting adequate daylight to 
achieve the desired ambient light levels but the light
ing control system is not responding properly to the 
available daylight. Measured savings are in the 
range of 20-30%; daylighting should produce lighting 
energy savings of 50-70% in a properly "tuned" 
space. 

Planned Activities for FY 1987 

We hope to have the opportunity to retrofit a 
section of the building to correct some of the prob
lems uncovered in Phase I. We are confident that 
relatively simple fixes will increase the energy sav
ings to the levels originally predicted . 

BUILDING APPLICATIONS AND DESIGN 
TOOLS 

Research to develop new glazing materials and 
to better understand fenestration performance will 
provide real energy savings only if the technology is 
effectively applied in buildings. Using the technol
ogy requires that we have detailed understanding of 
how a wide range of fenestration systems can be 
optimally used in different building types and cli
mates, and that we pass this understanding, through 
design tools, to building design professionals. 

SIMULATION STUDIES: NONRESIDEN TIAL 
BUILDINGS 

While most building energy simulation studies 
have focused on minimizing total energy consump
tion, other issues are equally important. Peak electr
ical demand affects both user costs and the utilities' 
required generating capacity. A complete study of 
the cost effectiveness of fenestration systems, partic-



ularly those incorporating daylighting strategies, 
must include their impact on peak electrical demand 
as well as on energy savings. In addition, issues such 
as comfort and convenience affect the user accep
tanc~ and, consequently, effectiveness of these sys
tems. Our studies explore the interactions of these 
Issues. 

Accomplishments During FY J 986 

During the past several years the effects of a 
wide range of glazing properties, window sizes, light
ing loads, orientations, and climates on the energy 
performance of a prototypical office building have 
been simulated with DOE-2.1 B. Initially we exam
ined the impact of fenestration properties, including 
the effects of daylighting strategies, on office building 
energy performance and peak electrical demand. 
Lighting energy savi ngs resulti ng from daylighting 
were examined for a range of fenestration properties 
and lighting control systems. Annual energy con
sumption of an office module was found to be sensi
tive to variations in U-value, shading coefficient, 
and visible transmittance, as well as glazing area , 
orientation, climate, and operating strategy. Sample 
results from our simulation studies are shown in Fig. 
15. 

We conclude that, in almost all instances, it is 
possible to find a fenestration design strategy that 
outperforms a solid insulating wall or roof and that 
daylighting is almost always an essential component 
of energy savings. If the installed electric lighting 
power density is high , the energy savings potential is 
large. More efficient electric lighting systems reduce 
daylighting benefits. 

The net benefits of fenestration are highly depen
dent on the tradeoffs between daylighting savings 
and cooling loads resulting from solar gains. Visible 
transmittance properties, improved shading design, 
and window management will thus assume increas
ing importance for maximizing energy benefits from 
daylight. Our studies have demonstrated that the 
common assumption that daylighting is a "cooler" 
source of light than electric lighting is not necessarily 
trUI! . We have developed and are refining a metho
dology for comparing cooling loads imposed by day
light (or electric light) through the use of an index 
deri ved as a fraction of three parameters: 

(I) The relative T vis and SC of the glazing/ shading 
system; 

(2) The distribution of daylight within the space; 
(3) The time-dependent absolute transmitted solar 

intensity. 
We continued our general studies on the peak

shaving potential of daylighting with results that 
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Figure 15. Annual energy consumption in the south 
zone of an office building in Madison , Wisconsin, as a 
function of window area. "Continuous dimming" indi
cates controlled reductions in electric lighting in response 
to daylight : " no daylighting" indicates no dimming. (XBL 
876-2796) 

show-despite solar gains- daylighting can signifi
cantly reduce peak electrical demand during summer 
months. The critical tradeoffs- between electric 
lighting reductions from daylighting and cooling load 
increases from solar gain- help determine the com
bination of window properties that minimize build
ing peak loads. A breakdown of this load for a sam
ple office building at the hour of peak demand is 
shown in Fig. 16 for both daylighted and nonday
lighted cases. In Fig. 17, annual peak electrical 
demand is shown for our prototypical building in 
Lake Charles, LA. The benefits of daylight use are 
clearly illustrated. 

Simulations of advanced glazing materials hav
ing active response functions , represented in the 
lower curve in Fig. 17, show large potential savings. 

Skylights can also provide significant energy and 
cost benefits. Daylighting benefits are maximized 
with relatively small ratios of skylight to roof areas 
(0.01-0.04). Because skylights provide more uni
form daylight distribution, the cooling load impact 
of daylighting is less than with vert ical fenestration. 
As effective aperture is increased beyond the 
optimum, cooling loads in most climates rise to 
adversely affect net ann ual energy performance. 
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and without daylight utili zation, (XCG 855-223) 

50 

40 

~ 
~ 

ELECTRIC PEAK FOR PERIM~TER ZONE§ 
LAKE CHARLES - 6,000 FT - 2.7W/FT 

No Dimming 

~ 30 

~ '- ----
____ ..-fJ Cont. Dimming 

'-....""'-- --'-------~ a.. 
U -------. c: 20 
t; 
UJ 
....J 
UJ 

AC & Cont. Dimming 

10 

O~--,---,---,---r---,_--.__. 

0 ,00 0 .05 0 .10 0.15 0 ,20 0 .25 0,30 0 .35 

EFFECTIVE APERTURE - WWR X VT 
I I I I I I I I 

0.00 0.05 0 .10 0.15 0 ,20 0.25 0.30 0 .35 

WWR FOR AC GLAZING 

Figure 17. These results from DOE-2, IB energy simula
tions of a 6000ft2 office building in Lake Charles, LA, 
show the effect of daylighting on peak electrical demand as 
a function of effective aperture. Electric lighting density is 
2,7 W / ft 2. (XBL 876-2802) 
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A large number of DOE-2.! B runs for window 
and skylight studies have provided enough data for 
multiple regression techniques to develop analytical 
expressions of energy requirements as functions of 
glazing parameters; from these we may be able to 
develop a generalized expression to accommodate 
climate variables. The simple expressions correlate 
well with DOE-2 results and may become a design 
tool to assess energy and cost trade-offs among fenes
tration options. We have incorporated the regression 
equations developed in our skylight studies in a 
skylight design handbook sponsored by AlA, AAMA, 
and NFC, and this procedure is the basis for the LRI 
Fenestration performance Indices described in the 
next section. 

Planned Activities for FY 1987 

Simulation studies to date have examined the 
energy impacts of many fenestration parameters for 
conventional designs and have begun to explore the 
potentials of new optical materials. New studies will 
examine the performance of shading devices for 
which adequate solar optical data do not exist. Opti
cal properties of shading devices will be measured in 
our laboratory. We will also continue to look at 
variations in window-shade energy performance and 
management strategies, issues of daylight luminous 
efficacy, advanced glazing materials, the effects of 
fenestration performance on HV AC, and the effects 
of various HV AC options on fenestration perfor
mance. The costs of fenestration design and day
lighting as influenced by peak electrical demand, 
annual energy use, and chiller size will be examined. 

LR1 FENESTRATION PERFORMANCE INDICES 

Building designers , utility auditors, and others 
are constantly required to compare and evaluate the 
performance of alternative fenestration systems in 
buildings. To properly address the energy-related 
impacts of fenestration , one must be able to quantify 
energy performances for all systems in a systematic 
and reproducible way. The objective of this study 
for the Lighting Research Institute Center (LRI) is to 
develop numerical indicators of fenestration system 
performance on the basis of annual energy consump
tion , peak electrical demand, illumination perfor
mance, and thermal and visual comfort. These indi
cators are to be used as guides in evaluating and 
selecting alternative fenestration products and sys
tems for use in various building types and climates. 
In Phase! we are developing the basic methodology 
for determining the performance indicators; Phase 2 
will support the measurement and analysis required 



to construct a microcomputer design tool that embo
dies the project's results. 

Accomplishments During FY 1986 

Using thermal and visual comfort indices in an 
energy design tool is a major objective of this pro
ject. A methodology was developed that defines the 
relationship between fenestration characteristics, 
direct solar radiation, and thermal and visual com
fort so that annual comfort indices can be calculated . 
The thermal comfort index is related to mean radi
ant temperature within the space. Visual comfort is 
based on a glare index calculated by DOE 2. 

Numerous DOE-2 runs have been completed for 
a prototype office building in Madison, WI, and 
Lake Charles, LA. Simplified design charts were 
developed from the multiple regression coefficients 
obt~ined from these runs. Figure 18 shows the vari
ation of an annual fuel index as a function of solar 
heat gain coefficient and window U-value. Four 
glazing types are shown as well as the variation in 
number of panes of glass. Similar figures have also 
been generated for indices of annual electric energy 
and peak electric load. 

Most complex fenestration products and systems 
cannot be readily characterized using conventional 
analysis techniques, so we are determining the solar
optical properties and daylight 
transmittance/distribution functions of these systems 
experimentally, using the integrating sphere and the 
luminance/radiance scanner described previously. 

Planned Activities for FY 1987 

To complete Phase I , we will develop a metho
dology for incorporating the proposed performance 
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Figure 18. Annual fuel index as a function of glazing 
parameters. (XBL 876-2804) 
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indices into an overall fenestration system figure-of
merit. A weighting function will be provided so that 
users can assign specific relative weights to the 
indices they deem important. If, for example, a 
designer wishes to maintain comfort without 
mechanical cooling, minimizing the cool ing require
ment might be a priority task. Thus, the cooling and 
thermal comfort index might be heavily weighted 
and an appropriate fenestration option selected 
accordingly. 

A workshop for industry representatives will be 
conducted to present the methodology and perfor
mance indices developed in Phase I. Evaluation 
results from the workshop will help us plan the 
development of the microcomputer design tool that 
is the key product of Phase 2, which we hope to ini
tiate by the end of the year. 

SIMULATION STUDIES: RESIDENTIAL 
BUILDINGS 

Our studies have focused on techniques to sim
plify accurately the very complicated heat transfer 
processes that occur between the components of a 
building. We have previously shown the feasibility 
of isolating window systems from other building 
components such as envelope insulation levels, infil
tration, and internal heat gains in determining build
ing energy performance. 

Accomplishments During FY 1986 

The regression expressions developed in past 
years to predict residential energy use as a function 
of fenestration parameters were expanded to include 
effects from the use of night insulation, shade 
management, and overhangs. For a given climate, 
orientation , and window size, we developed graphic 
plots that allow one to quickly evaluate seasonal per
formance differences in alternative existing or 
hypothetical fenestration systems. 

In addition, we developed a procedure to directly 
compare the thermal loads resulting from different 
building prototype configurations independent of 
geographic location, to ultimately help us develop a 
design tool with broad climatic applicability. 

We used these techniques to describe the perfor
mance of low-E windows in residences in hot and 
cold climates. This study analyzed the energy and 
cost implications of conventional double- and triple
pane windows and newer designs in which substrate, 
type, and location of low-E coating, and gas fill , were 
varied. The analysis showed the potential for sub
stantial savings but suggested that both heating and 



cooling energy should be exa mined when we evalu
ate the performance of different fenestration systems. 
The study also showed the importance of considering 
window frame effects for the low-cond uctance glaz
ing units. 

Most analysis procedures describe the perfor
mance of specific alternatives and one must analyze 
man y cases to arrive at a solution that appears to 
optimize energy use. We developed a mathematical 
techn ique to direct ly calculate the window size or 
properties that minimize energy use or cost for a 
given climate and orientat ion. It will become part of 
the design tools developed next yea r. 

Planned Acti vities/or FY 1987 

Our ultimate objecti ve is to develop handbooks, 
charts , nomographs, and computer software that will 
help builders, developers, and suppliers assess dif
ferent window strategies. The immediate objective 
in FY 1987 will be to create a prototype residential 
fenestration design tool that wil l be used to stimulate 
building industry interest in collaborative develop
ment of a com prehensi ve tool. 

DESIGN TOOLS AND TECHNOLOGY 
TRANSFER 

To influence energy consumption trends in the 
U nited States, it is critical to package and tran sfer 
our results to other researchers and profess ionals. 
The needs and moti vations of this group, including 
designers, engineers, building owners, manufacturers , 
and utilities, vary widely, so we use a variety of 
media to reach each audience. Our activities have 
included developing improved daylight analysis and 
des ign tools, design assistance stud ies, occupant 
response studies, workshops, conferences, assessment 
reports, handbooks, and meetings with industrial and 
design firms and utilities. Other efforts have been 
designed to communicate results of our work widely 
to other research and development groups, educa
tional institutions in the U.S. and abroad, and pro
fessional and industrial societies. 

Technology Transfer 

We continue to communicate research results to 
design professionals and industry through confer
ences, workshops and seminars. In addition, we can 
disseminate our research results through the newly 
formed Daylighting Network of North America. 

Daylighting Conferences. We planned and co
sponsored the 1983 and 1986 International Daylight
ing Conferences. Underwritten by Southern Califor-

4-19 

nia Edison, the U.S. Department of Energy, and 
other organizations, the 1986 conference took place 
November 3-7 in Long Beach , California . These two 
conferences generated more than 200 papers and 
attracted more than 800 building industry profes
sionals. 

Thc 1986 conference's Proce('dings I, pre
published by ASH RAE, includes all presented papers 
and extended abstracts of technical papers. Proceed
ings II , to be published in 1987 by ASH RAE, will 
include a complete set of refereed papers. 

Serv ing on the organizing committee for the 
1984 and 1986 Pan Pacific Lighting Conferences, we 
contributed to seminar curricula and exhibition 
design, and conducted workshops on daylighting 
design applications. This act ivity helped establish 
closer links with manufacturers, educational institu
tion s, and profess ional and industrial societies with 
which we normally do not interact. 

Daylighting Network of North America. Several 
years ago we initiated and helped develop The Day
lighting Network of North America (DNNA), a loose 
confederation of universities with an interest in day
lighting. With more than 30 universiti es designated 
as regional and instructional center members of the 
Network currently, the DNNA expands the avenues 
for transferring day lighting research results to profes
sionals, educators, and students. 

The Centers make a concerted effort to plan and 
implement profess ional , educational , and design 
assistance programs. SUPERLITE and DOE 2.1 B 
and C were transferred to one of the uni versities for 
di ssemination to key faculty in each of the Network 
schools. We assisted the Network in developing 
three speci fic funded tasks over the past year: an 
electronic bulletin board network, a physical model
ing handbook, and a newsletter. 

The Network will continue to develop the elec
tronic link between member schools and our 
research group, and will publish the modeling ha nd
book for both academic and profess ional distribu
tion . In addition , design software distribution and 
promotion of joint research projects will continue to 
be a priority. 

Design Tools 

The Windows and Daylighting Program and sub
contractors develop and distribute daylighting design 
tools to industry and educational institutions. 
Private-sector software firms continue to introduce 
new design tools for daylighting but it is difficult for 
a potential user to evaluate and compare them. 
There is thus a need : (I) for a comparative matrix 



identifying eXlstmg tools, and (2) for photometric 
data and evaluation procedures to compare these 
tools. 

Accomplishments During FY 1986 

Development of a general procedure for compar
ing design tool predictions to a photomet ric data 
base derived from sky simulator measurements and 
SUPER LITE simulations continued. The Daylight
ing Design Tool Survey was published , describing 
the capabilities of more than 30 tools including 
nomographs, protractors/ tables, and micro, mini, 
and mainframe computer tools. The design tools 
tested and disseminated in FY 1986 are described 
below. 

Clear Sky Protractors. Developed with Harvey 
Bryan at the Massachusetts Institute of Technology 
(M IT), the protractors consist of a series of tran
sparent overlays that are placed over architectural 
plans and elevations to determine a window's day
light contribution at any point in a room . 

SUPERLlTt; 1.0. We began to get professional 
market evaluation using the Daylighting Network, 
supplemented by building industry professionals in 
North America and abroad. 

Daylighting Nomographs. The completed 
manual and set of nomographs to estimate potential 
energy and peak-load savings in commercial build
ings continued to be a popular professional energy 
semmar package. More than 400 copies were distri
buted. 

Skylight Design Handbook. Using established 
research and professional links with the American 
Architectural Manufacturers Association (AAMA), 
and their Skylight and Space Enclosure Division , we 
developed a Skylight Design Handbook/Energy 
Design Guidelines. In a cooperative project with a 
professional architectural firm , we converted energy 
design data into a an easy-to-use worksheet the 
design professional can use to answer basic questions 
about the skylight design best suited for a building. 
AAMA will publish and distribute the Handbook to 
association members and the building industry at 
large. 

Advanced Envelope Design Tool. Our attention 
has turned during the past several years to the 
development of the next generation of sophisticated 
hardware and software tools. We envision a tool 
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that relies heavily on imaging technologies, expert
systems software, and design process studies. 

We have developed an Advanced Envelope 
Design Tool concept. A schematic illustrating the 
key factors of this tool concept is shown in Fig. 19. 
A computer data base of relevant hardware and 
software developments was established to assist in 
identifying and tracking market trends. Several 
major slide presentations were made to organizations 
in the building professions (AlA, ACEC, ASH RAE), 
and a concept paper published. 17 Planning was ini
tiated to integrate this project with the U.S . Depart
ment of Energy' s Intelligent Building Design project , 
to begin in FY 1988. 

HVAC D"i(n 

Knowledge 

Bases Tool Control 

Figure 19. Schematic illustrating the key features of the 
Advanced Envelope Design Tool concept. (XBL 876-
2799) 



Planned Activities for FY 1987 

In the short term, we believe that we can (1) 
influence the development of such an advanced 
design tool by networking with contributors to the 
tool , and (2) develop a prototype interactive video 
microcomputer program to better illustrate the 
potential of such a concept. Complete development 
of the Advanced Envelope Design Tool would 
require greater support than is probably obtainable 
in the short term. We hope to link our efforts in FY 
87 and beyond with DOE work on Intelligent Build
ing Design. 
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Lighting Systems Research* 

S.M. Berman. R.R. Verderber. R.D. Clear. 
C. Greene. D.D. Hollister. F. Li. D.J. LeI,),. 
o.c. Morse. F.M. Rubinstein. M .J. Siminol'itch. 
and G.J. Ward 

We estimate that 50% of the electrical energy 
consumed by lighting, or about 12% of total national 
electrical energy sales, could be saved by gradually 
replacing existing lighting with energy-efficient light
ing. This would amount to a yearly savings of some 
220 billion kilowatt-hours of electricity. 

The objective of the Department of Energy's 
National Lighting Program is to help the lighting 
community (manufacturers, designers, and users) 
achieve a more efficient lighting economy. The pro
gram, carried out at Lawrence Berkeley Laboratory 
(LBL), represents a unique partnership between a 
national laboratory-university complex and industry, 
facilitating technical advances, strengthening indus
try capabilities, and providing designers and the pub
lic with needed information. 

To implement its objectives, the Lighting Pro
gram has divided its work into three major 
categories: advanced light sources, building applica
tions, and impacts on human health and produc
tivity. 

The advanced light sources component under
takes research and development projects in lamp 
technology that are both long range and high risk. 
These are projects in which the lighting industry has 
an interest but which it does not pursue on its own, 
and from which significant benefits could accrue to 
both the public and industry if the technical barriers 
were surmounted. 

The building applications component undertakes 
research on the electromagnetic compatibility of 
high-frequency lighting with building functions , 
including machinery, computers, and other electrical 
and electronic systems, as well as the interaction of 
lighting with building energy systems. 

The impacts component examines relationships 
between workers and the physical lighting environ
ment to ensure that energy-efficient technologies con
tribute to human productivity and health. These 
efforts are interdisciplinary, in volving engineering, 
optometry, and medicine. 

*This work was supported by the Assistant Secretary for Conser
va ti on and Renewable Energy. Office of Buildings and Communi
ty Systems, Building Equipment Division of the U.S. Department 
of Energy under Contract No. DE-AC03-76SF00098. 
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Since its inception in 1976, the LBL Lighting 
Program has produced more than 118 reports and 
publications. These reports are available to the pub
lic, and document research on subjects such as 
solid-state ballasts, operation of gas-discharge lamps 
at high frequency , daylight availability, energy
efficient fixtures , lighting control systems, and visi
bility and human productivity. The program's inter
nationally recognized interdisciplinary staff spans the 
fields of eng1l1eenng, physics , architecture, 
optometry, and medicine and is in volved in a 
variety of professional, technical, and governmental 
acti vi ties. 

The Lighting Program combines the facilities 
and staff of LBL with those of the University of Cal
ifornia College of Environmental Design and School 
of Optometry, both on the Berkeley campus, and the 
School of Medicine in San Francisco (UCSF). 
Because results are directed at enhancing the capabil
ities and long-term viability of the lighting industry 
and providing the design profession and the general 
public with needed information, the program IS 

unique in the United States, 
Described below are highlights of the accom

plishments realized in FY 1986 by each of our three 
major efforts-engineering science, building applica
tions, and health impacts- and activities planned for 
FY 1987. Publications and conference presentations 
of the past year may be found in the publications list 
at the end of this chapter. 

ADVANCED LIGHT SOURCES 

The Advanced Light Sources effort focuses on 
advanced lamp technology and light source develop
ment. To see what can be accomplished in this area, 
consider that today's fluorescent lamp has a lumi
nous efficacy of approximately 80 lumens of light 
output per watt of electrical power input. Although 
this is nearly four times as efficient as an incandes
cent lamp, still greater efficacies are possible. White 
light can , theoretically, be produced at almost 400 
lumens per watt. The advanced lamp technology 
program is working to supply the engineeri ng science 
that will provide the basis for a target efficacy of 200 
lumens per watt wi thin the next few years. Table I 
lists the series of technical improvements that are the 
technical elements proposed to reach that goal. 

Two significant loss mechanisms have been iso
lated among the technical targets for achieving more 
efficient fluorescent lamps: self-absorption of ultra
violet (UV) radiation, and energy loss in lamp phos
phors. In the first case, we would like to reduce 
self-absorption UV radiation , a process that occurs 



Table 1. Targets for improvi ng lighting technologies. 

Total Year 
efficacy entering 

Technology Comment (lm/ W) market 

FluOI'('sc('nl lalllps 

High-frequency operation 90 1980 

Narrow-band phosphors 100 1983 
Isotop ica ll y enriched LBL/ DOE 11 0 1988 
Magnetically loaded technical 120 1990 
Two-photon phosphor initiati ves 180 1995 
Gigahertz/ electrodeless 230 1995 

HID Lalllps 

Today with (high-freq. ballast) 
400-W high-pressu re sodium. (CRI-25) 100 1984 
400-W metal halide (CRI-66) 80 1984 
400-W mercu ry va por 50 1984 

Electrodeless/ high/ freq. 
1000-W lamps 10-15% improvement 1989 
Low-W lamps 30% improvemen t 1989 

New gases 20-25% improvement 1990 

Color-constan t/dimmable 20-25% impro vement 1993 

within the lamp plasma before the radiation strikes 
the phosphor-covered inner wall (the phosphor con
verts UV radiation into visible light). In the second 
case, we would like to develop a more efficient phos
phor matrix that will convert one energetic UV pro
ton into two visible photons. Reductions in self
absorption could provide a significant improvement, 
and a two-photon phosphor could double lamp effi
cacy. 

LBL is studying several ways of reducing UV 
self-absorption. The first method is altering the iso
topic composition of mercury. This element has 
seven stable isotopes, each with slightly different 
resonance UV emission spectra. Altering the natur
ally occurring isotopic composition can provide 
more escape channels for the resonance radiation, 
thereby reducing the probability of quenching colli
sions and increasing the amount of UV radiation 
reaching the phosphor. One possibility for isotope 
alteration-enrichment with 196Hg is being pursued in 
a joint effort by LBL and GTE Lighting. Should iso
topic alterations prove economical, modified lamps 
would enter the market quickly, as lamps would sim
ply be loaded with isotopically enriched rather than 
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natural mercury, with other lamp manufacturing 
processes remaining the same. 

Another method of reducing UV self-absorption 
was recently discovered at LBL. It involves an 
applied magnetic fi eld having a direction parallel to 
the main current. Axial magnetic fi eld strengths of 
about 600 gauss can increase light emission by about 
6%. LBL and major firms in the lamp industry are 
studying practical ways to apply this technique. 

Reducing the effects of energy loss in the phos
phors requires altering a lamp's phosphor material. 
The materials used today convert each UV photon 
into, at most, one visible photon. Improving this 
conversion rate would increase the efficacy of low
pressure discharge lamps. Although a UV photon 
has sufficient energy to permit the cascade conver
sion of the UV photon into two visible photons, thi s 
process must occur quickly, and the intermediate 
level in the cascade must be tuned carefully to 
ensure that both emitted photons are in the visible 
spectrum. LBL is examining the possibilities of a 
program in phosphor chemistry designed to discover 
whether the two-photon phosphor is feasible . The 
lamp industry, long aware of the complexity of this 



problem along with the extensive research effort 
required to provide solutions, is extremely interested 
in our results. 

A highly promising mechanism developed at 
LBL uses a plasma coupling principle that allows for 
lamp plasma excitation to occur primarily near the 
inner lamp wall thereby reducing the UV transport 
distance and the likelihood of entrapment loss. This 
surface wave mode of operation occurs at high fre
quencies in the radio frequency (RF) range between 
100 and 1,000 MHz and permits the lamp excitation 
without electrodes. This surface wave lamp shows 
approximately 40% increased energy efficacy over 
normal fluorescents , operates without starting cir
cuits, and should be very long lasting because of the 
absence of electrodes. 

If these research projects at LBL come to full 
technological and commercial fruition, future 
fluorescent lamps should operate at high frequency 
and be isotopically enriched, magnetically loaded , 
and coated with a two-photon phosphor. Such 
lamps would have an efficacy of more than 200 
lumens per watt, nearly three times that of today's 
60-cycle fluorescent. 

Other lighting technology research concentrates 
on high-intensity discharge (HID) lamps, which 
could be made both more efficient and dimmable if 
operated without electrodes. High-frequency opera
tion is required to excite the lamp plasma in an elec
trodeless mode; it may also permit lamps to function 
with just one or two metal halides and no mercury 
or sodium. Electrodeless operation would also 
enable the use of compounds that have desirable 
light output and color but that are excluded today 
because they would harm electrodes. Finally, an 
electrodeless lamp that could be dimmed without 
observable spectral changes and that could provide 
instant restrike would appeal to lighting designers. 
Table I summarizes these goals. 

To address the lack of data on the plasma 
discharges, a program on plasma diagnostics has 
been initiated to measure electron and ion distribu
tions in both optically thin and thick plasmas. 

Accomplishments During FY 1986 

Mercury Isotope Studies 

The photochemical separation process has been 
identified as the most promising candidate for an 
economic mercury separation process. Several key 
steps are crucial to obtaining more information 
about scavenger processes and scaling up the size of 
the separation reactor. With this information, better 
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estimates can be made of the engineering and 
economics of a system viable for the large amounts 
of mercury isotope needed for lamp application. 
The problems designated to be studied in FY 1987 
are (i) scaling up the mini-reactor to a production 
rate of a few grams per day, (ii) diagnostic studies 
relating to the emission on absorption line shapes for 
the 3P I state (iii) chemical diagnostics to evaluate 
any reactor processes that lead to undesirable pro
ducts. 

The procedure developed for obtaining a 
weighed amount of 201 Hg isotope in a lamp has been 
perfected and the 201 Hg was amalgamated on a gold 
foil and weighed before and after the Hg was 
removed by heating. A novel spectroscope pro
cedure has been developed to independently deter
mine the precise amount of added isotope 201 Hg. 
This method does not utilize the diffusion concept 
which is now in use but will be used to check that 
methodology. Spectroscopic examination of the 
hyperfine structure of the green line at 5461 A and 
the blue line at 4046A shows that certain peaks are 
optically thin and their height proportional to the 
fractional composition of the 20lHg present in the 
discharge. A more detailed report and a journal arti
cle are in progress. 

Magnetic Enhancement 

We have developed a number of new test lamps to 
study the effects of magnetic fields on lamps of dif
ferent length and diameter. Preliminary results indi
cate both length and especially diameter cause signi
ficant changes in the behavior of magnetic enhance
ment. General Electric Co. lamp division has 
agreed to provide us a number of test lamps as a 
professional courtesy. Some delay is expected in 
their availability because of scheduling at the GE 
plant. We expect delivery some time in mid FY 
1987. 

Surface Wave Lamp 

Further improvements have been made in a surface 
wave launcher with good impedance matching. This 
new system permits instant starting of the lamp and 
assures perfect impedance matching once the lamp is 
ignited, which means that all the RF power is 
delivered to the plasma with no reflected 
component--a requirement for improved efficiency. 
This surface wave launcher caused a 40% gain in effi
cacy in a standard F15, T-8 fluorescent lamp (15 
watt, I in . in diameter, 18 in. long), compared to 
operation at normal power input of 60 Hz. In addi
tion, we have designed and built a new thermal con-



trol that provides air movement with extremely tight 
thermal conditions. 

Variable Posilive Column Diagnostic 

A fundamental problem in surface wave lamp 
improvements is quantifying the separate contribu
tions of electrode elimination and positive column 
efficacy. To determine these contributions we have 
designed and built an electroded lamp that can vary 
distance between its anode and cathode. The positive 
column axial dimensions are determined by the use 
of a precise moving fiber-optic system. As the length 
between anode and cathode increases, the positive 
column size increases, and its light output is meas
ured. The end-fall voltages will remain constant dur
ing the procedure and thus , by measurements at con
stant current of total voltage and light output, an 
extrapolation can be made to determine the end-fall 
contribution. A more detailed discussion of this 
topic is being prepared in a technical report and a 
journal article. Figure I shows the variable cathode 
lamp. 

Planned Activ ities for FY 1987 

Mercury Absorption Studies 

A lamp has been constructed and enriched with 
201 Hg from its naturally occurring concentration of 
15% to amounts ranging from 30% to 60%. Meas
urements on the lamp will be made to confirm the 
Richardson-Berman theory , which predicts that a 
maximum increase in lamp efficacy will occur in this 
isotope-concentration range. The results will have 
significant bearing on the fina l method used to 
separate the Hg. 

Figure 1. Picture of variable cathode lamp. The mo veable 
system is on the left side of the lamp. (CBB 867-5 749) 
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We are planning to complete detailed measure
m ents of the 201 Hg-enriched low-pressure gas
discharge lamp. Measuring the amo unts of Hg and 
isotope additions by both the diffusion method and 
spectroscopic exa mination methods will assure the 
high degree of accuracy critical to selecting the Hg 
isotope for separation. 

The second phase of the photochemical mercury 
isotope separation program to be carried out by GTE 
Lighting wi ll begin with th e building of the scaled up 
reactor. 

Magnetic Enhancem ent 

LBL will systematically measure the newl y 
designed lamps housed In the UV integrating 
cylinder to characterize the phenomenon of magnetic 
enhancement. The effect will be studied as a func
tion of field intensity , lamp-wall temperature, gas 
fill , and input power, as well as length and diameter. 
The angular distribution of the ultraviolet radiation 

will be examined to determine the extent of polariza
tion. Finally, the change in hyperfine structure will 
be studied with the high-resolution larell-Ash spec
trometer that has been installed. 

Surface Wave Lamp 

The movable length lamp experiment wi ll be car
ri ed out at both 60 Hertz and high frequency (30 to 
50 Kilohertz). Measurements of the light output will 
be made by a fiber optics system . Figure 2 shows 
the experimental setup. 

Figure 2. The surface wave lamp is shown with the 
launcher at the right end. The lamp is surrounded by a 
wire cage to prevent accidental escape of an y RF radiation . 

(CBB 862- 1276) 



We will continue investigating methods of 
screening lamps to contain electromagnetic radiation. 
Initial measurements indicate that the levels at a dis
tance of one foot from the lamps are negligible. 

Electrodeless HID Lamp 

The initial goal of this project was to develop a 
low-wattage, efficient HID lamp to replace the incan
descent lamp. The effort to date has examined 
high-wattage. 400-watt lamps. A model of an elec
trodeless mercury.discharge HID lamp is under 
development to determine the minimum wattage 
lamp feasible. 

Diagnost ics 

The Lighting Program has developed a new tech
nique to view and study slices of plasma that are 
both optically thin and thick. The data can be 
analytically unfolded to determine the spatial distri
bution of mercury in the excited state through the 
plasma. A technical paper on this subject is 
scheduled to appear in the Journal of Quantitative 
Spectroscopy this year. A special precision-stepping 
motor mounted on an optical bench is required for 
scanning the plasma, and will be designed and con
structed for conducting the measurements. 

BUILDING APPLICATIONS 

This component of the Lighting Program consid
ers technical design mechanisms for assuring the 
incorporation of energy-efficient lighting in buildings. 
Specific applications must take into account building 
types as well as user activities. Building applications 
also considers the manner in which the lighting sys
tem affects other building apparatus, e.g. , the HV AC 
system and indoor air quality. The activities of 
highest priority include dynamic lighting design 
(based on the use of automatic lighting controls), the 
thermal characterization of luminaires, and the use 
of Peltier devices to prevent lamp thermal losses. 

Accomplishments During FY 1986 

.-lJranced Lighting Design 

A technique has been developed to correctly 
position photocells to sense the ambient illumination 
level when using daylighting for interior illumina
tion. Photocells should be directed toward the task 
and measure the illuminance from the task and a 
suitably large area around the task. The photoc;:ell 
should be shielded so that it does not "see" any por-
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tion of the window that is admitting daylight. In 
addition, the electric lights should be calibrated when 
there is no daylight (to determine their maximum 
light output), and during the day (to adjust their pro
portional response to the amount of illumination the 
photocell is sensing). Experiments have shown that 
daylight and electric light can provide specified 
illumination throughout the entire day. 

Fixtures 

We have employed a Peltier device to control 
the minimum lamp wall temperature (MLWT) of a 
fluorescent lamp at its optimum 40°C temperature. 
At this temperature a fluorescent lamp's light output 
and efficacy is maximum. Figure 3 below shows the 
light output of a fluorescent lamp in ambient tem
peratures ranging from 2YC to 50°C. The lamp, 
ML WT controlled by the Peltier device, maintains 
its light output over the entire range, while the light 
output of an uncontrolled lamp decreases by 25% at 
a 53°C ambient temperature. 

Computer Imaging 

A computer Imagmg technique IS being 
developed for obtaining images of both office and 
roadway scenes by tracing the path of rays from the 
source of illumination . The method is an advance 
over past imaging methods used since actual lumi
nances resulting from both specular and diffuse sur
faces can be obtained. This technique permits one 
to obtain computer images of spaces that appear as 
realistic as actual photography. 

The method has been applied to interior spaces 
illuminated with daylight as well as electric lights. 
Recently we have shown the method can provide 
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images of roadways illuminated with lamps and 
automobile headlights. The technique can be used to 
show the appearance of pedestrians and roadway 
signs under different lighting conditions. Figure 4 
below shows the computer developed image of a 
roadway scene. 

Planned Activities for FY 1987 

Advanced Lighting Design 

We will develop optimum lighting layouts with 
computer aided designs, showing the cost effective
ness of static and dynamic designs. The measured 
performance of various lamp-ballast-fixture systems 
will be the input to the computer programs, rather 
than the ideal specifications listed for these products 
by the manufacturers. Subsequent analysis will 
include the changes in illumination that occur with 
the introduction of objects in the space (furniture, 
etc.). Computer images of the spaces will also be 
employed to plot the luminances of the surfaces. 
The analysis will measure the quality of the illumi
nation. 

Fixtures 

The application of the Peltier device to control 
the ML WT of fluorescent lamps will be used for the 

Figure 4 .. A computer generated roadway scene showing a 
model pedestrian with light colored clothes walking near a 
high mast streetlight and in front of an automobile with 
headlights. (CBB 860-10213) 
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evaluation of fixture parameters. Currently when we 
measure the efficiency of a fixture , the ML WT of the 
lamp is different when total light output of the lamp 
is measured in open air and in the fixture. That is, 
in the open air the ambient temperature of the lamp 
will be 22°C to 25°C while in the closed fixture it 
may be as great as 53°C. To properly assess fixture 
designs, we need an efficiency metric that is only 
dependent on the geometric factors of the fixture. 
We will examine how the Peltier device can be 
used to obtain this goal. 

Computer Imaging 

We will study the possibility of using computer 
imaging of scenes to improve visual performance of 
drivers on the road as well as in a selection of inte
rior workplace environments. The computer program 
allows one to alter the lighting of spaces so it can be 
used to evaluate different lighting techniques. We 
are attempting to obtain several industrial sponsors 
to support this work. 

Lighting Controls Demonstration Laboratory 

In promoting the use of lighting controls, we are 
attempting to develop a control laboratory to con
duct workshops on the proper use of lighting con
trols. We are seeking financial support from the con
trols industry, utilities, and government agencies. In 
addition to conducting workshops, this laboratory 
would do lighting control research and monitor on
site installations of controls. 

IMPACTS OF NEW LIGHTING 
TECHNIQUES ON PRODUCTIVITY AND 
HEALTH 

The idea that lighting might negatively affect 
health has appeared often in the lay press during the 
past few years. Scientific data are, however, lacking, 
especially to ascertain whether new energy-efficient 
technologies adversely affect human health and pro
ductivity. 

Performance and productivity may be influenced 
by the lamp, the electronics and associated controls, 
the fixture , or the geometry and location of the light
ing system. We classify these lighting factors as: 
color variations; glare; intensity fluctuations; spec
trum variations, including the ultraviolet region; 
electromagnetic fields generated by the lamp, ballast, 
or controls; and flicker, all of which could evoke a 
variety of human responses (behavioral, psychophy
sical , physiological, or biochemical). 

Our research seeks to assure that new energy
efficient lighting technologies do not adversely affect 



human health and productivity. We are investigat
ing whether any aspect of new technologies can pro
duce responses in humans. If we identify responses, 
we will characterize the effects and identify the 
necessary changes in lighting technologies. 
Although subjective responses of workers provide 
some information, such responses are generally con
founded by a mix of sociological factors and indivi
dual motivations; the investigations carried out by 
LBL use objective responses to establish cause and 
effect and ensure repeatability. 

The impacts program is di vided into three areas: 
(1) direct effects of lighting on the human autonomic 
system (carried out at UCSF and LBL), (2) interac
tions, between lighting and visual display terminal 
operation, that affect productivity or comfort (car
ried out at the UC School of Optometry and LBL), 
and (3) analysis of the general relationship between 
lighting and visual performance (carried out at LBL). 

In the first area of this program, lamps to be 
evaluated include incandescent, cool-white fluores
cent, high-pressure sodium, and metal halide. 
Human responses to various lighting conditions will 
be assessed by monitoring autonomic responses, 
including heart rate, galvanic skin response, muscle 
strength, exercise tolerance, facial expression, and 
pupillary response. Behavioral measures to be used 
include memory (Wechsler Memory Scale and 
Sternberg'S Memory Scanning Time), cognitive func
tion (mental arithmetic), time estimation, and simple 
reaction time. Other behavioral tasks will probably 
be included. 

Data-gathering and subject control are super
vised by trained medical personnel. A national 
technical advisory committee oversees and reviews 
the project. First results of this effort concern the 
effects of visible-spectrum and low-frequency radia
tion on human muscle strength; and as described 
previously they indicate that subjective psychological 
factors are the likely cause of reported effects. A 
second set of experiments using pupillometry has 
however shown very robust and surprising effects of 
spectrum on pupil responses to different lamps. 

Accomplishments During FY 1986 

UCSF/LBL Program 

We have completed experiments using infrared 
pupillometry to investigate pupil reactions to high
pressure sodium and incandescent lamps. Under 
conditions of steady state viewing, the results from 
six subjects have shown a larger pupil diameter from 
HPS exposure compared with incandescent lamps for 
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the same levels of illumination. This initial result 
implies that, for visual acuity equivalent to that with 
incandescent lamps, higher illumination levels will 
be required with HPS lamps. But, on the other 
hand, for conditions when acuity is not important, 
HPS lamps might be used with less illumination. 
The pupil size differences affected by these lamps is 
shown in Figure 5. 

In addition, the potential effect on pupil size of 
modulation frequency i.e., 60 Hz and 30 kilohertz, 
has been studied for four different lamps under 
sponsorship of LRI (Lighting Research Institute). 
The absence of any measurable effects has been 
reported. 

Visual Performance Program 

A model using cost-benefit analysis was applied 
to the problem of light level recommendations. 
These recommendations for interior and exterior 
spaces are currently provided by the Illuminating 
Engineering Society (lES) on the basis of consensus 
of expert opinion . Analytical procedures to deter
mine light level recommendations are of concern to 
the IES and also to those offices in DOE that have 
responsibilities for proposed building energy use 
standards and/or guidelines. Cost-benefit analysis 
results were compared to the IES recommendations. 
In many cases the results were consistent, but under 
conditions where the workers were older or the 
working materials had low reflectivities, recom
mended light levels were too low. A lengthy report 
is in progress detailing the specifics of the analysis. 
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Figure 5. The mean pupil area for eight subjects under 
conditions of equal luminances of incandescent (Inc) and 
high pressure Sodium (HPS) lamps. (XBL-864-1338) 



The Effect of Glare on Visual Display Terminals and 
Other Visual Tasks 

Glare from general and task lighting is a concern 
of both lighting designers and users. One of the 
most common complaints about lighting results from 
the perceived presence of glare. The Illuminating 
Engineering Society provides some guidance on tris 
issue in the Visual Comfort Probability (VCP) con
cept. Unfortunately this concept has very limited 
application and is based on experimental work, 
which, in many cases, is not representative of the 
modern workplace environment. On the other hand, 
vision scientists have been unable to find an objec
tive correlate to the subjective sensation of glare. 
Thus there is much anecdotal concern about lighting 
glare, but a considerable gap in knowledge about 
what functions are affected by it. 

One of the few conjectures made by vision scien
tists is that the pupil of the eye or its musculature is 
the most likely physiological system where glare 
effects should be manifest. This conjecture is based 
on the past thirty years of study by Glenn Fry and 
his co-workers on pupil hippus (small continuous 
uncontrolled pupil oscillations) and of claims of 
reduced glare sensItIvIty under conditions of 
mydriasis (drugs used to cause the pupil to be par
tially or totally dilated). 

We have undertaken a number of studies care
fully examining the frequency spectrum of- hippus 
under a very wide range of illumination conditions 
using Fourier analysis and methods of infrared pupil
lometry. Preliminary findings show lack of any 
dominant frequencies, in contradiction to the results 
of Fry and others. Furthermore, under conditions of 
discomfort glare, no apparent changes occurred in 
the hippus spectrum other than those related to the 
smooth reduction in oscillation swing observed with 
continued pupil contraction. Further preliminary 
results found no support for previous conjectures on 
the reductions in glare sensation under mydriasis. 
These studies are continuing and are expected to be 
completed during FY 1987. 

Planned Activities For FY 1987 

UCSF/LBL Program 

On the basis of our work on pupil size under 
HPS and incandescent lamps, we believe that, under 
illumination conditions common indoors, the subjec
tive sensation of brightness is correlated with pupil 
size. Thus it is possible to have a comparison 
between two different light sources both providing 
the same luminance level and color appearance 
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(metameric sources), but each producing different 
pupil sizes. This is possible because we have found 
a means of producing metameric sources with very 
different ratios of scotopic to photopic luminance. 
Under these conditions we can study whether equal 
luminances and color but different pupil sizes elicit 
different perceptions of brightness. The predicted 
response is that the light source with the lower 
illuminance but larger SIP ratio (smaller pupil) will 
appear brighter, which is counterintuitive. Several 
studies along these lines will be undertaken during 
FY 1987. The first study will use four different 
fluorescent lamps to create the metameric but differ
ing S. 

We will also begin to examine the ways in which 
pupil size differences induced by lamp spectra affect 
certain visual functions. The first study will exam
ine the effect of different pupil size (with equal lumi
nance) on contrast sensitivity. The contrast sensi
tivity stimulus will be provided by a specially 
designed video display that can present a full range 
of spatial frequencies both in steady-state and time
varying conditions. 

Visual Performance Program 

We will continue work on cost-benefit methods 
applied to light level recommendations; the first 
report will be completed for presentation at the sum
mer 1987 national meeting of the IES. 

A luminance mapper for rapidly and accurately 
determining luminances in interior environments 
will be designed, and a first prototype may be con
structed depending on availability of components 
from the video industry. 

A strawman research program will be developed 
to provide information that will help us objectively 
determine appropriate light levels in the work place. 
This effort will be coordinated with all the various 
members of the lighting community that are 
presently considering this question, such as NEMA ( 
National Electrical Manufacturers Association), LRI 
(Lighting Research Institute), IES (Illuminating 
Engineering Society), ASH RAE, etc. 

UC/LBL Optometry Program 

Work on the relationship between glare and 
pupil response will continue. Presentation of efforts 
and peer review is planned for the April 1987 ARVO 
(Association for Research in Vision and Opthamol
ogy) meeting. Other conditions, such as the effect 
of differential glare stimuli to each eye, will be exam
ined in terms of their effect on VOT visual perfor
mance. We will complete the report summarizing the 



ENERGY ANALYSIS PROGRAM 

INTRODUCTION 

In these times, energy has faded from the public 
perception as a major national issue. For the first 
time in more than a decade, energy prices are 
declining - in nominal as well as real dollars. The 
world faces a glut of oil and the new "problem" is 
how to raise prices rather than how to deal with 
ever-rising prices. The building of base load power 
plants, once a rallying point for widely dissenting 
viewpoints between electric utilities and 
environmental groups, has faded from the public 
view as utilities, facing a glut of capacity, resist new 
projects. The twin "solutions" to the long-term 
energy problem - renewable sources for the 
environmentally inclined and synthetic fuels from 
coal and oil shale for the supply siders - have lost 
their glamor and the large support of government 
resources. 
1 Under these new and, in light of the years since 
1973, surprising circumstances, what is the role of an 
~nergy Analysis Program at a national laboratory? 
I;>o there remain important energy issues of public 
ipterest? Does anyone care? 

While energy no longer claims headlines or 
excites politicians to develop grand national energy 
plans, the importance of energy in the national 
economy remains undiminished. A substantial 
portion of total private investment and consumer 
expenditures in the Nation are devoted to energy 
each year. Energy remains a cornerstone of our 
economic security. In the developing world, energy 
and the financial resources to purchase it are 
(!ssential prereqUISItes of modernization and 
industrial development. 

We as a Program are concerned that the Nation 
may become complacent about our energy future. 
The present oil glut and low prices will spur oil 
demand growth. Our studies show rapid growth in 
oil demand in the developing world, which could 
well overtake OECD's oil demand shortly after the 
turn of the century. (By contrast, LDC oil demand 
was less than 25% of OECD oil demand in 1973.) 
We foresee a tight oil market, with a return of U.S. 
vulnerability to the Persian Gulf, in the early to 
mid-nineties. Utilities will once again need to build 
base load power plants, and the fundamental 
conflicts that arise over some of this construction 
among different groups in society have not been 
resolved. Renewables and synthetic fuels will not 
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turn out to be a panacea. And, of enormous 
importance to the entire world, the developing 
countries are likely to be hardest hit by emerging 
energy problems and higher prices, jeopardizing 
development objectives and placing increasing 
burdens on meeting foreign debt payments. 

In this context, the Energy Analysis Program 
continues to place major emphasis on assessing 
energy conservation opportunities. The priorities for 
the Program, as reflected in its research, are: first, 
energy conservation in buildings, a sector in which 
significant improvements remain possible and cost
effective; second, assessment of world energy 
demand, an area of critical importance to an 
understanding of overall energy policy priorities over 
time; and third, economic analysis, to gain a rational 
understanding of how energy policies and programs 
can more effectively contribute to the well-being of 
the Nation. 

The Program is organized into five groups. The 
Building Energy Analysis Group is primarily engaged 
in a wide range of computer simulation studies, 
leading to the development of simplified tools useful 
for assessing impacts of measures to increase 
building energy efficiency. This Group also studies 
energy use in public housing, an area in which 
substantial gains are possible. The Building Energy 
Data Group specializes in collecting and analyzing 
measured data on the performance of buildings, so 
as to provide a basis for understanding impacts of 
real-world programs. This Group has also 
characterized the performance of energy efficiency 
technologies in bUildings. The Energy Conservation 
Policy Group has focused its efforts in three areas: 
evaluation of the impacts of federal appliance energy 
efficiency standards; developing policies to reduce 
energy use in commercial buildings in five countries 
in Southeast Asia; and (3) analyzing economics of 
electric utility demand-side programs. The 
International Energy Studies Group has concerned 
itself with establishing a very detailed data base of 
energy demand and factors affecting the structure of 
demand, emphasizing both OECD countries and the 
developing world. The work includes analyses of 
specific countries and assessments of the world 
demand situation. The Resource Market 
Mechanisms group has studied bidding issues 
(related to the Public Utility Regulatory Policy Act) 



Thermal Mass in Exterior Walls of 
Residential Buildings* 

SJ. Byrne and RL Ritschard 

This article summarizes an analysis of the 
impact of various wall and building design charac
teristics on the energy savings due to thermal mass 
in exterior walls of residential buildings. Thermal 
mass effects on annual heating and cooling loads 
were examined in 12 climates for three types of exte
rior walls-insulation either inside or outside of the 
mass layer and with insulation and mass mixed. 
Using a parametric series of computer simulations 
and multiple regression analysis, the results were 
reduced to simple equations that predict the perfor
mance of massive walls in .typical residences. These 
regression equations are suitable for use in micro
computer energy analysis programs and other simpli
fied design and analysis tools. 

The use of thermal mass has bee~ shown to be 
an effective means of reducing both heating and 
cooling loads of residential buildings. The magni
tude of the savings depends on a complex interaction 
of factors including the climate, the amount and phy
sical properties of the mass, and other building 
design parameters such as the area and orientation of 
windows, the type of window glass, the natural venti
lation rate, and the building thermal integrity. In 
previous research, we quantified the mass effects for 
various types of massive walls and incorporated. it 
into our residential slide rule. This slide rule was 
used to calculate the thermal mass effect, as well as 
the performance of other conservation measures, for 
typical building designs and operation conditions. 
The present research extends the previous work to 
account for the thermal mass effect due to variations 
in the building design, including changes that affect 
solar gain and natural ventilation rate. 

ACCOMPLISHMENTS DURING FY 1986 

We have shown the heating and cooling load 
reduction due to thermal mass in exterior walls to be 
a result of a complex set of interactions between the 
amount and physical properties of the mass, the 
location and amount of insulation in the wall, and 
building design features that affect solar gain and 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 
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natural ventilation rate. We have developed an 
extensive database of DOE-2.1C simulations of a 
ranch house prototype and then reduced the results 
to a set of regression equations that account for 
changes in mass thickness and density and wall U
value for three wall insulation configurations in 12 
climates. The following non-linear model predicts 
the difference in load between a wood-frame wall 
and a massive wall with the same total wall U-value. 

where: . 
{30-4 = regression coefficients 
He = wall heat capacity (Btu/ft2*oF) 
UT = total wall U-value (Btu/hr*ft2*oF) 

The load savings for two wall types are shown in 
Table 1. The results are an indication of the average 
thermal mass effect in typical houses. Fig. 1 shows 
the thermal mass effect on a monthly basis for 0.67 
f1. (0.20 m.) massive wall. The shaded area 
represents the difference between a shading coeffi
cient of l.0 and 0.4. We found the thermal mass 
effect to be much larger during the months when the 
outside air temperature fluctuates about the building 
balance point temperature. During those months, 
the case with a higher shading coefficient shows a 
significantly greater savings. 

PLANNED ACTIVITIES FOR FY 1987 

In FY 1987, we plan to focus on extending the 
regressions to include climatic parameters, such as 
solar radiation, degree hours and average diurnal 
temperature range as well as building features that 
affect solar gain and ventilation rate. This will 
increase the flexibility and accuracy associated with 
using a simplified correlation technique rather than a 
comprehensive main-frame simulation program. 

Concurrent research in FY 1987 is intended to 
quantify the actual natural ventilation rate due to 
wind and thermal forces in a variety of building 
designs. The results of this work will enable us to 
more accurately predict the energy savings and the 
corresponding thermal mass effects due to natural 
ventilation cooling. 

SUGGESTED READING 

l. Byrne, S.l. and Ritschard, R.L. (1985), A 
Parametric Analysis oj Thermal Mass in 
Residential Buildings, LBL-20288. 



Table 1. Total annual heating plus cooling load savings due to thermal mass in the 
base case house with a 0.67 ft (0.20 m) concrete block wall with insulation 
outside of the mass layer. 

Wall U-Value 

Location 0.20 Btu/h·ft2·F 1.13 W/m2C 0.05 Btu/h·ft2·F 

(MBtu/yr) (GJ/yr) (MBtu/yr) 

Atlanta, GA 5.2 5.5 3.0 
Brownsville, TX 4.4 4.6 3.3 
Buffalo, NY 2.8 3.0 1.5 
Cincinnati, OH 4.4 4.6 2.6 
Denver, CO 4.5 4.7 2.4 
Los Angeles, CA 2.4 2.5 1.2 
Medford, OR 6.3 6.6 3.1 
Miami, FL 3.7 3.9 2.7 
Phoenix, AZ 7.1 7.5 3.8 
San Diego, CA 2.5 2.6 1.3 
San Francisco, CA 1.5 1.6 0.8 
Seattle, WA 1.8 1.9 0.8 

FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 

Figure 1. Monthly delta heating and cooling loads 
(Phoenix, AZ) as a function of window shading coefficient 
for a mass wall with insulation outside of the mass 
wall. (XBL-871-7) 
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MBtu= 106 Btu).2 The average multifamily unit (817 
ft2) consumes only 77 MBtu/year, based on meas
ured data from the Residential Energy Consumption 
Survey; this is 47% less than the public housing 
apartment. 3 Structural factors, such as vintage of the 
building, fraction of central heating, choice of heat
ing fuel, and household size, explain some of the 
difference in consumption levels. For example, half 
of both public housing and multifamily units were 
built before 1960; however, very few public housing 
starts have occurred since 1975, while 15% of the 
multifamily units were built in the post-oil-embargo 
era, and, as a result, benefit from more energy
efficient construction practices. A higher fraction of 
public housing units have central heating systems 
than the existing multifamily stock (52 versus 41%). 
The oil-heating share is roughly comparable for each 
sector (20-25%), although electric space heating is 
more prevalent in the multifamily stock compared to 
public housing (26 versus 7%), which tends to reduce 
site energy consumption for the sector. The average 
number of persons per household is higher in public 
housing than in the multifamily stock (2.9 compared 
to 2.3 persons per dwelling unit); household size is 
positively correlated with higher energy use for 
domestic hot water and cooking.4 

The institutional setting for conservation invest
ments in public housing is an extreme example of 
one of the same barriers that hinders conservation 
efforts in private-sector multifamily buildings. Most 
public housing tenants have at least part of their 
energy consumption included in their rent payment; 
only 12% of public housing tenants pay for their own 
electricity, while 33% pay for their own gas. Hence, 
household energy consumption and energy expendi
tures are not directly linked. In contrast, almost half 
of the tenants in multifamily buildings have sub
metered consumption for at least one energy source 
(48% are partially or fully submetered). There is 
anecdotal evidence to suggest that public housing 
also tends to be less well-maintained than its private 
counterparts, which means greater losses through the 
building shell and lower heating system efficiency. 

ACCOMPLISHMENTS DURING FY 1986 

We stress that the retrofits studied here are 
selected examples of conservation efforts within the 
pUbhc housing system, intended to give an example 
of the possibilities of conservation and the experi
ences of individual PHAs. Analysis of our sample of 
43 retrofits shows that conservation work has pro
duced significant energy savings in the public hous
ing sector, but the effort has not always been cost-
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effective. Figure 1 illustrates the results for five 
groups of similar retrofits installed by various hous
ing authorities. A large number of expensive retro
fits were carried out under demonstration programs, 
with mixed results. Preliminary results suggest that 
proper maintenance is a critical factor in sustaining 
energy savings after temperature control retrofits in 
steam-heated buildings. In addition, qualitative fac
tors such as a measure's effect on comfort, building 
appearance, and security reportedly have a strong 
influence on a retrofit's acceptability, and therefore, 
its success. 

This study represents an initial effort to summar
ize measured data on retrofit efforts in public hous
ing. During this project, we have gained a thorough 
appreciation of the difficulties in evaluating public 
housing conservation retrofits. We believe that many 
local housing authorities and HUD still do not see 
the potential benefits that can be derived from an 
evaluation of the actual field performance of conser-
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Retrofit Shell Soler DHW Boilers and TRV Controls Double-pened 
strategy Controls Windows 

Location: San Francisco San francisco Trenton. NJ New York. NY New York. NY 

HOD: 3161 3161 4962 4800 4800 

Age: 1942-1963 1970-1973 1963-1964 1962-1968 1948-1968 

Building Low-Rise Mixed Low-Riss High-Rise High-Rise 
type: 

Figure 1. Range in pre- and 'post-retrofit consumption 
among similar retrofits carried out at different projects. 
"Shell" measures include attic insulation, weatherstripping, 
and low-cost domestic hot water retrofits. "Solar DHW" 
refers to active solar domestic hot water systems. "TRV 
Controls" are thermostatic radiator valves. Consumption 
at the San Francisco projects includes energy used for 
space heat, domestic hot water, and cooking; the oil-heated 
projects in Trenton and New York include space heat and 
(estimated) domestic hot water only. (XCG-859-422B) 



vation strategies. Documenting measured savings 
requires that local housing authorities pull together 
historical energy use, occupancy, and economic and 
building characteristic data in a systematic fashion. 
Initiation of this process alone produces the neces
sary information for a crude energy management 
accounting system, and provides the basis for local 
PHAs to track energy use pa,terns and to set objec
tives for reasonable consumption levels so they can 
begin to regain control over their energy expenses. 

PLANNED ACTIVITIES FOR FY 1987 

During FY 1987, further research into energy 
management strategies will be conducted on two lev
els: PHA energy accounting techniques, and control 
mechanisms for central heating distribution systems. 
We will study both the technical and institutional 
aspects of energy management systems, including 
implementation, maintenance, computer software, 
billing policies, tenant involvement, etc. 

Deterrents to Energy Conservation in 
Public Housing* 

E. Mills, R. L. Ritschard, C. A. Goldman 

During recent years, public housing authorities 
(PHAs) have. attempted to control rising energy costs 
by initiating retrofit projects. They have used vari
ous sources to pay for these conservation measures, 
including: (1) Department of Housing and Urban 
Development (HUD) Comprehensive Improvement 
Assistance Program (ClAP) funds, (2) general operat
ing subsidies, (3) utility-sponsored conservation pro
grams and (4) third-party investments (e.g., from 
energy-service companies). We examined the impact 
of these various financing strategies on the distribu
tion of retrofit savings and costs between HUD and 
local PHAs. Our case studies of actual retrofit 
efforts in two local housing authorities, San Fran
cisco, California and Trenton, New Jersey all show 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Services Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 

" 
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significant energy savings, although this is not 
reflected in the financial benefits to each party. Our 
results indicate that the provisions of the Perfor
mance Funding System (PFS)-the mechanism 
through which energy costs are subsidized-often 
result in a net loss to a local housing authority, even 
for conservation measures with societal paybacks 
under three years; hence the present policy reduces 
the incentive for PHAs to invest in worthwhile con
servation measures. 

The PFS is used to determine energy subsidies, 
currently exceeding $1 billion per year, for public 
housing. The following aspects of the system are 
crucial for assessing the distribution of retrofit sav
ings between HUD and the PHA. 

• Annual consumption is estimated from 
average use during a three-year "rolling 
base" period. As a result, reductions in 
energy use result in gradual subsidy cuts. 

• Interim savings are shared by HUD and 
the PHA on a 50/50 basis. 

• In the event of fuel switching (including 
purchased solar hot water), the rolling base 
is adjusted to fully reflect the new fuel 
price. 

• New maintenance costs associated with a 
retrofit are not subsidized. 



tage is greater in cases where space heating needs are 
smaller-for example, in mild climates, and in new, 
thermally-efficient buildings. 

Second, while behavioral factors compete with 
the effect of climate in driving space heating energy 
consumption, domestic hot water consumption is 
highly dependent on behavior. Hot water consump
tion is often influenced by cultural and social norms: 
American households use seven times the amount of 
hot water used by households in some industrial 
European countries. In addition, in apartment build
ings where hot water is typically master-metered, 
occupants have no economic incentive to conserve, 
and, therefore, hot water consumption can be rela
tively large as well as idiosyncratic. For example, in 
France, consumption of hot water in apartments 
with master metering may be as much as 50% larger 
than consumption in apartments with individual 
metering. Similar numbers have been observed in 
West Germany. 

And third, knowledge of usage patterns is impor
tant in understanding domestic hot water consump
tion whether for baseline usage or for estimating 
retr~fit performance. There is currently very little 
information on how much energy is used for particu
lar functions (e.g., heating, cooling, domestic hot 
water, cooking, and lighting), and there has been 
almost no research on the end uses of energy in mul
tifamily buildings. A recent review of domestic hot 
water energy use examined 15 monitored buildings, 
only two of which were multifamily buildings. Con
sequently, it is difficult to optimize the selection of 
retrofits in multifamily buildings. End-use informa
tion is especially important because the potential for 
saving energy in multifamily buildings is large: retro
fit activity in the multifamily sector could save 1.0 
quad of energy per .year by the year 2000. 
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ACCOMPLISHMENTS DURING FY 1986 

Very little data exist on end-use energy con
sumption in multifamily buildings, especially, low
income households. This investigation has shown 
that average household hot water consumption in 
public housing, after accounting for leaks, is slightly 
greater than average consumption in single-family 
dwellings. We attribute most of this difference to the 
economic circumstances: the Housing Authority pays 
for the gas for heating the water. . 

We were able to model hot water consumptIOn 
for low-income apartment buildings with moderate 
success (12% average error). Deviations from our 
estimates are due largely to leaks in buildings rather 
than to the behavior of the tenants. Estimated pro
files of hot water consumption in these buildings 
compared very well with profiles from actual data. 
However, the hot water profiles in these bui~dings 
were somewhat different from those reported In the 
literature. The use of this very simplified model 
may alleviate the need for detailed monitoring in t~e 
long run, although, in the short run, the need for thIS 
kind of data collection is needed to verify the results 
of our modelling in other kinds of buildings. 

PLANNED ACTIVITIES FOR FY 1987 

This research has been concluded and no further 
activities are planned. 

SUGGESTED READING 

Vine, E., Diamond, R, and Szydlowski, R (1986), 
Domestic Hot Water Consumption in Four Low
Income Apartment Buildings, LBL-21771. 



Analysis of the Incremental Cost of 
Building Energy-Efficient Homes in 
the Pacific Northwest* 

E. Vine 

The Pacific Northwest is currently experiencing a 
dramatic and exciting transformation in the way the 
region produces and consumes energy. Prompted by 
federal legislation and local initiative, the region is 
promoting the conservation of energy as the primary 
new energy resource. In the residential sector, 
energy efficiency standards for new electrically 
heated homes have been proposed, and a demonstra
tion program is underway to examine the costs and 
energy savings associated with building energy
efficient houses. Our findings will be of interest not 
only to the building industry, government officials, 
and the general public in the Pacific Northwest, but 
also to those individuals and organizations outside 
this region who want to learn from this experience. 

In this work, we examined the costs associated 
with building energy-efficient houses in the Pacific 
Northwest using real data compiled by builders and 
their sub-contractors. The data were drawn from a 
demonstration program, the Residential Standards 
Demonstration Program (RSDP), which was 
designed to promulgate the region's new residential 
energy standards, Model Conservation Standards 
(MCS). 

All four states participating in the RSDP were 
represented in our analysis of 395 houses (out of 423 
RSDP houses): 44 (11 %) from Idaho, 67 (17%) from 
Montana, 59 (15%) from Oregon, and 225 (57%) 
from Washington. All the houses in the sample were 
energy-efficient houses (i.e., there were no control 
houses). Three climate zones were represented: 233 
(59%) in zone I (the fewest number of heating degree 
days), 85 (22%) in zone 2, and 77 (20%) in zone 3 
(the greatest number of heating degree days). The 
median floor area of the entire sample was 1883 
square feet; the mean floor area was 2047 square feet 
with a standard deviation of 740 square feet. Most 
of the houses in our sample were found to be 
designed to be more energy efficient, on the average, 
than the standard MCS houses. 

Several levels of analysis were used in examining 
the cost data for the entire sample and for each of 

*This work was supported by the Bonneville Power Administra
tion, through the U.S. Department of Energy, under Contract No. 
DE-AC03-76SF00098. 
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the three climate zones: absolute, incremental (the 
difference between current practice costs and MCS 
costs), and normalized (absolute and incremental) 
costs (standardized by floor area and/or component 
area); and component (e.g., ceiling), sub-component 
(e.g., attic insulation), and total costs. The discus
sion emphasizes median costs for they are less sus
ceptible to the positive skew of outliers and, there
fore, better represent the central tendency of the 
sample. We also present other statistical descriptors 
in our analysis: mean, standard deviation, range, and 
sample size. 

ACCOMPLISHMENTS DURING FY 1986 

Upon examining total incremental building costs 
normalized by floor area, we found the median cost 
was $2.76/ft2

. For the average house in the sample 
with a median floor area of 1883 square feet, the 
total incremental cost would be $5,197. It is impor
tant to note that these costs include labor and 
materials, but exclude builder overhead, fees, and 
profit, and, therefore, the actual incremental costs 
would be somewhat larger. The median costs for the 
states and climate zones were as follows: Idaho 
($2. 15/ft2), Montana ($2.65/ft2), Oregon ($3.35/ft2), 
Washington ($2.79/ft2), climate zone 1 ($2.84/ft2), 
climate zone 2 ($2.65/ft2), and climate zone 3 
($2.65/ft2) (see Table 1 for more summary informa
tion by climate zone). 

Using incremental building component costs 
normalized by component area as a guide, we found 
that the largest median incremental component cost 
per square foot was glazing ($2.64/ft2). All other 
median component costs were below $1.00/ft2: doors 
($0.92/ft2), walls ($0.60/ft2), ceiling ($0. 34/ft2), floor 
($0.25/ft2), air infiltration barriers ($0.12/ft ), and 
basement walls ($0.00/ft2, i.e., at no extra cost). 
There was no clear-cut trend in the level of costs 
among climate zones or states. 

The RSDP findings. from this cost analysis 
should be regarded as only indicative for MCS 
houses for the following reasons. First, due to dif
ferent types of building codes and code enforcement 
among the states, the concept of "current practice" is 
very loosely defined and variable, and, therefore, the 
calculation of incremental costs, in which current 
practice costs are subtracted from energy-efficient 
house costs, is subject to an unknown bias. Second, 
the cost data itself may be incorrect due to confusion 
and assumptions made by builders participating in 
the program. Third, the findings from this demons
tration program are not generalizable due to the 
problem of self-selection in program participation. 



Table 1. Total incremental "MCSI As-built" costs per floor area. 

Standard 
Mean Deviation 
($/ft2) ($/ft2) 

Total hard costs 
: All cases 2.94 1.32 

Climate zone 1 2.96 1.33 
CErnatc zone 2 2.90 1.29 
Climate zone 3 2.91 1.32 

Design costs 
All cases 0.06 0.09 

Climate zone I 0.06 0.09 
Climate zone 2 0.07 0.10 
Climate zone 3 0.04 0.05 

Loan costs 
All cases 0.08 0.14 

Climate zone I 0.10 0.16 
Climate zone 2 0.08 0.14 
Climate zone 3 0.03 0.05 

Other costs 
All cases 0.10 0.15 

Climate zone I 0.12 0.16 
Climate zone 2 0.11 0.16 
Climate zone 3 0.03 0.08 

Fourth, this was the first time many of the builders 
ever attempted to build to this level of energy effi
ciency using innovative building materials and tech
niques. And fifth, the incremental costs calculated in 
this report are for energy-efficient houses that, in 
general, achieve or go beyond the MCS proposed by 
the Northwest Power Planning Council. 

PLANNED ACTIVITIES FOR FY 1987 

A companion piece to this report is currently 
being prepared. The new report will examine the 
costs for a subset of the RSDP sample-"matched 
pair" houses, two otherwise identical houses except 

Median Minimum-Maximum Sample 
($/ft2) ($/ft2) Size 
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2.76 0.28-13.68 391 

2.84 0.28-13.68 230 
2.65 1.22-7.98 85 
2.65 0.82-7.34 76 

0.02 0-0.67 391 

0.02 0-0.67 230 
0.04 0-0.50 85 
0.02 0-0.24 76 

0.04 0-1.53 391 

0.06 0-1.53 230 
0.04 0-0.94 85 
0 0-0.20 76 

0.01 0-0.78 391 

0.02 0-0.78 230 
0.04 0-0.75 85 
0 0-0.40 76 

that one was built to superior energy efficient stan
dards while the other one was built to current energy 
practice. Another report on the occupants of these 
houses has just been completed. 
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BUILDINGS ENERGY DATA 

Overview 

The Buildings Energy Data Group (BED) com
piles and analyzes measured energy performance 
data on buildings and equipment. The Group's goal 
is to identify building design strategies and end-use 
technologies that save energy or modify electrical 
loads, and are cost-effective. We provide these 
measured results to institutions and persons respon
sible for improving energy efficiency in the buildings 
sector. In addition, we use the data to estimate 
regionwide potential savings from energy-efficient 
technologies. 

The core of BED's activities rests in the Build
ings Energy-Use Compilation and Analysis (BECA) 
series. Each data compilation addresses a sector of 
the buildings end use: 

• New, low-energy homes (BECA-A) 
• Retrofits of existing residential buildings 

(BECA-B) 
• New, energy-efficient commercial buildings 

(BECA-CN) 
• Retrofits of existing commercial buildings 

(BECA-CR) 
• Residential water heating systems (BECA

D) 
• Validations of computer loads models 

(BECA-V). 

Each compilation is an independent data base, but 
all rely on the same computerized data base manage
ment system (DATA TRIEVE). Each data base can 
be queried so as to produce buildings with similar 
features, location, function, etc. The article by Gold
man and Greely on multifamily retrofits (a subset of 
BECA-B) is an example of the compilations 
developed by the Group. 

An important research goal of the BED Group is 
to develop, refine, and promote the wider use of 
standard "yardsticks" of building energy perfor
mance. For automobiles, a dynamometer test yields 
a single parameter of fuel efficiency (miles per gal
Ion). Unfortunately, one cannot measure a 
building's energy use under similarly controlled con
ditions. Instead, we must collect detailed informa
tion about the building, including its energy con
sumption, physical characteristics, and operating 
schedule. This information permits us to to convert 
"raw" measurements into standard energy perfor
mance indicators. In the past, indicators focused on 
energy savings and cost-effectiveness; we are now 
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developing parameters that describe peak power sav
ings or, more generally, reshaping of electrical 
demand profiles. Some of this work is described in 
the articles by Akbari and by Piette, on measured 
commercial building data. 

The BED Group is also active in two areas that 
complement the core data compilation effort: pri
mary data collection and conservation potentials stu
dies. In special circumstances, BED measures energy 
use in specific buildings or equipment. This usually 
occurs ·after we have identified significant gaps in 
available data. The article by Akbari describes how 
in-place energy monitoring systems (EMS) were used 
as a highly cost-~ffective method to collect valuable 
building performance data. An article by Meier 
describes laboratory measurements on a group of 
Japanese refrigerators which allowed us to reconcile 
U.S. and Japanese test procedures, and develop a 
simple conversion formula. 

The BECA compilations provide a valuable data 
base from which to estimate the potential for energy 
efficiency and electric load-shaping which are impor
tant elements of least-cost utility planning. The 
potentials studies typically examine a series of end
use measures, calculate the costs of conserved 
energy, and develop "supply curves" of conserved 
energy (or peak savings) to express the aggregate 
potential for end-use efficiency. The article by 
Krause describes how we developed supply curves of 
conserved electricity (and load shape impacts) for 
Michigan. Related activities include the develop
ment of improved, microcomputer-based software to 
simplify the '!.ssessment of energy efficiency poten
tials. This computer model is linked to a data base 
on end-use technology characteristics, which 
emphasizes careful accounting procedures to reflect 
stock turnover and to aggregate energy and peak sav
ings without double-counting. 

In addition to data compilation and analysis, we 
sometimes take steps to improve the quality of pri
mary data available, through direct participation in 
monitoring projects or analysis of primary data, to 
demonstrate new techniques. Two of the following 
articles describe these activities. Piette applied the 
BECA-C methodology to a group of award-winning, 
energy-efficient buildings. Another article by Meier 
describes the application of techniques used in the 
BECA-A compilation to normalize for internal gains 
and inside temperatures in homes. They calculated 
the energy performance in over 500 new homes in 
the Pacific Northwest based on measured data. 



A Compilation of Measured Energy 
Savings in Multi-Family Retrofits* 

CA. Goldman and K.M. Greely 

We liave compiled and analyzed measured data 
on 141 retrofit projects in U.S. and Swedish existing 
multi-family buildings. We examined the costs of 
conservation measures and practices and the savings 
they generate. In this article, we also discuss the 
correlation between energy savings and initial pre
retrofit energy intensity, amount of investment, and 
choice of measures. 

The multi-family sector, consisting of residential 
buildings with two or more units, comprises almost 
27 percent of the U.S. housing stock (in terms of 
household units). Annual site energy use in these 
buildings is approximately 2.3 quads (1 quad = 
lO l5Btu) and directly or indirectly costs U.S. house
holds almost $20 billion. 

We obtained information on retrofit projects 
from several data sources, including city energy 
offices [40], public housing authoriti.es [40], res~arch 
institutions and national laboratones [25], pnvate 
building owners/managers [16], non-profit and for
profit energy service companies [14], and utilities [3].t 
The data collected typically included metered energy 
consumption, installed retrofit measures and their 
costs, the price of the space heating fuel the wi~ter 
after retrofit, and a brief description of the phYSIcal 
characteristics of the building. In most cases, we (or 
our data source) used the Princeton Scorekeeping 
Method (PRISM) to analyze energy consumption 
data before and after retrofit.:j: PRISM estimates a 
weather-normalized annual energy consumption 
(NAC) from parameters obtained from a regression 
of either utility bill or meter readings of the space 
heat fuel and daily average outdoor temperature. 
The NAC represents consumption that would occur 
in a year with typical weather conditions. 

Various HVAC system retrofits (heating controls, 
equipment measures, and altered operation and 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 

tNumbers in brackets represent number of data points obtained 
from each source. 

ILBL analyzed utility billing data (when available) in all projects 
except those conducted by the Minneapolis Energy. Office a~d 
Princeton Center for Energy and Environmental StudIes, who dId 
their own PRISM analysis. 
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maintenance practices) are the most popular conser
vation strategies in our sample of buildings from the 
Buildings Energy Use Compilation and Analysis 
(BECA) residential data base. Most buildings in the 
data base are small to medium size multi-family 
buildings; 60% are between 10 and 50 units; only 
10% are more than 100 units. Retrofit costs are less 
than $250/unit in 40% of the buildings, which sug
gests that many building owners confined their retro
fit efforts to fairly low-cost measures. 

ACCOMPLISHMENTS DURING FY 1986 

Median annual energy savings were 11 MBtu per 
dwelling unit, or 16% of pre-retrofit energy use. We 
have found that energy savings are between 10 to 
30% of pre-retrofit energy use in 60 percent of the 
buildings in our compilation. Energy savings are 
correlated more strongly with energy consumption 
before retrofit (r = 0.68) than with total cost of the 
measures (r = 0.37). We found that categorizing 
each retrofit project by strategy helped explain much 
of the variation in the amount invested; however, 
energy savings still varied widely among similar 
groups. In most cases, investments in excess of 
$2000/unit do not save enough energy to justify the 
cost. The 22 projects that invested over $2000/unit 
had a median payback time of 20 years. Preliminary 
results for buildings in the data base suggest that 
some envelope measures (e.g., "shell" packages and 
window measures) have longer payback periods (12 
and 16 years, respectively) than many of the heating 
system retrofit strategies (1-3 years) as Fig. 1. illus
trates. 

Large variations are observed in energy savings 
and in costs per unit of energy saved among similar 
measures. On average, initial retrofit costs are a 
lower fraction of annual energy expenditures in our 
sample of U.S. buildings than in Swedish buildin~s 
(0.6 versus 2.1). This difference can be partly attn
buted to two facts: Swedish buildings have lower 
pre-retrofit energy intensities than American build
ings, and also receive relatively costly shell improve
ments more often than U.S. buildings. Many conser
vation investments are attractive from a building 
owner's perspective: the median real rate of return 
for buildings in this study is 14 percent, which com
pares quite favorably with real rates of return from 
tax-free bonds (3-5%). 

PLANNED ACTIVITIES FOR FY 1987 

We are beginning to compile evidence on the 
effectiveness of individual conservation measures in 
specific building and heating system types (e.g., out-
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Figure 1. Energy savings and costs of heating system and 
envelope retrofits in multi-family buildings. "System" 
refers to groups of measures that affect the heating or hot 
water systems. "EMCS" are energy management systems. 
"Shell" includes combinations of retrofits which reduce 
heat loss through the building shell. (XCG-863-7118A) 
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door resets for cold-climate buildings with hydronic 
boilers). There are several on-going research pro
jects, (e.g., DOE:LBL, Princeton CEES; Gas Research 
Institute: Center for Neighborhood Technology; 
Bonneville Power Administration's ELCAP project) 
in which detailed monitoring (i.e., energy end-use 
data and indoor temperature measurements) will be 
used to assess the performance of selected multi
family retrofits. We plan to use the data from these 
monitoring projects to improve our understanding of 
retrofits in which there is only whole-building energy 
data. 

SUGGESTED READING 

1. Goldman, CA. and Greely, K.M. (1986), 
Energy Savings in Retrofitted Multi-Family 
Buildings: New Results from the BECA-B Pro
ject, LBL-22688. 

2. U.S. Department of Energy (1985), Building 
Energy Retrofit Research: Multifamily Sector, 
Office of Building and Community Systems, 
Washington, DC 

3. Fels, M., (1986), "The Princeton Scorekeeping 
Method: An Introduction," Energy and Build
ings 9:1. 

4. Office of Technology Assessment (1982), 
Energy Efficiency of Buildings in Cities, OT A
E-168, Washington, DC 



Primary Data Analysis: Residential 
Standards Demonstration Program* 

A. Meier, B. Nordman, C. Conner, and J. Busch 

This article summarizes LBL's thermal analysis 
of the Bonneville Power Administration's Residen
tial Standards Demonstration Program (RSDP).l The 
analysis sought to determine the energy savings for 
houses built to the Model Conservation Standards 
(MCS).t We applied techniques developed to support 
our compilation of new, low-energy homes (BECA
A).2 A normalization procedure was necessary 
be;:;ause the homes differed greatly in their design 
and operation, yet the savings needed to be 
estimated for "normal" conditions. The analysis is 
based on 232 houses built to the MCS and 292 
"Control" houses selected to represent current build
ing practice. 

ACCOMPLISHMENTS DURING FY 1986 

We performed a "Thermal Pre-Analysis" to 
determine the extent of distortions in thermal perfor
mance during the first'few months after the construc
tion of the house. The thermal mass of the floor 
slab or basement requires several months to achieve 
a near steady-state condition, thus increasing the 
apparent energy consumption in the first heating sea
son. In addition, we sought to learn, through simu
lation, the minimum length of monitoring needed to 
accurately estimate annual space heating consump
tion. A "Consumption Analysis" was undertaken to 
assess differences in energy consumption based on 
raw triple-meter data, that is, prior to any adjust
ment for differences in weather, building, or occu
pant characteristics. This permitted us to assess the 
incremental value of weekly energy and temperature 
data in predicting performance. 

Finally, we used the "SUBMET" model to nor
malize the metered space heating energy for differ
ences in floor area, internal gains, inside tempera
ture, and climate.+ We relied on energy and tempera-

·This work was supported by the Bonneville Power Administra
tion, through the U.S. Department of Energy, under Contract No. 
DE-AC03-76SF00098. 

t A summary of the RSDP project may be found in a preceding ar
ticle in this section, Analysis of the Incremental Cost of Building 

. Energy-Efficient Homes in the Pacific Northwest. 

*SUBMET (short for "submeter") is a building energy normaliza
tion model used in BECA-A to predict annual energy use from 
submetered energy consumption data. 
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ture data from the triple-meters (which monitored 
space heating, water heating, and appliances) and 
temperature loggers. We also drew upon surveys and 
audits to provide floor areas and occupancy data. 
We found that SUBMET reasonably paralleled the 
floor-area adjusted Consumption Analysis when 
similar operating assumptions were used. This sug
gested that SUBMET's normalization procedures 
were also accurate. 

MCS houses typically used 45% less space heat 
than Control houses (see Fig. 1). The absolute 
regionwide savings were about 3.5 kWh/ft2-yr and 
vary somewhat with climate zone, but the relative 
savings are similar. The savings change when the 
assumptions are modified for internal gains, inside 
temperature, and climate zones. The most reason
able sets of assumptions, including the basecase, 
yield annual savings above 3 kWh/ft2. The most 
sensitive assumption is the choice of standard inter
nal gains and the fraction of appliance energy that is 
converted to useful heat. 

The distribution of space heating, as revealed in 
the standard deviations, was much narrower for the 
MCS houses. The MCS might reduce the uncer
tainty in forecasting the demand for electricity used 
for space heating. 
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Figure 1. The ratio of MCS to Control for several indica
tors of performance. A ratio of 0.92 indicates that the 
MCS houses used 92% of the energy of the Control houses. 
The first three clusters, total electricity use, space heating, 
and floor-area adjusted space heating, come from the 
1985-86 consumption analysis. The last cluster consists of 
ratios derived from the Council simulations. (XBL-
8612-5025) 



PLANNED ACTIVITIES FOR FY 1987 

We will investigate the performance of the major 
energy-saving technologies used in. the MCS homes, 
such as super-insulation, passive solar, heat 
exchangers, and heating equipment. The goal is to 
identify designs or technologies that lead to espe
cially low energy use. In addition, we will estimate 
the cost-effectiveness of the MCS by comparing the 
incremental energy savings to the incremental cost. 
We will also try to reconcile energy performance 
anomalies with occupant behavior. 

New Commercial Buildings Data 
Collection: End-Use Consumption* 

M. A. Piette 

Many commercial buildings are referred to as 
"energy-efficient," yet detailed performance data are 
not often published to back up claims. This lack of 
data is due in part to the difficulties associated with 
defining, collecting, and analyzing commercial build
ings performance data in a consistent fashion, across 
climates, building types, and usage patterns. For 
example, to accurately address many questions about 
energy efficiency one needs energy consumption data 
more disaggregated than whole-building utility bills. 
This article discusses end-use data for 12 buildings 
that have been designed to save energyl. Exact 
definitions of end-use categories differ among data 
sources. The buildings are a subset from the larger 
BECA-CN data base (Buildings Energy-Use Compi
lation and Analysis: part CN) that contains data on 
over 150 new, energy-efficient commercial build
ings2

. 

The basic goal of the BECA-CN project is to 
understand which energy conservation and load 
shaping techniques have been most successful in 
occupied buildings. We are interested in developing 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Building and Community 
Systems, Building Systems Division of the U.S. Department of 
Energy, under Contract No. DE-AC03-76SF00098. 
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standardized techniques to assess commercial build
ing energy efficiency based on the information avail
able for particular buildings. Such a framework 
should include: defining which data should be col
lected, developing performance parameters for the 
available data, and comparing results to a relevant 
data set. 

Factors affecting energy use in commercial build
ings can be divided into four basic categories: 1) 
building design (configuration, operation, lighting 
systems, etc.), 2) miscellaneous equipment loads 
(computer centers, kitchens, etc.), 3) weather, and 4) 
occupancy conditions (schedules, number of people, 
etc.). Since we are concerned with assessing the 
energy conservation features of the building design, 
we also must understand the influence of the latter 
three factors on energy use. Submetered data help us 
to better understand their influence. These data 
shed light on the assumptions and results of our past 
analyses by clarifying where and when energy' is 
used. We compare, for example, the largest end-uses 
for each building. We also address the question, 
"Do buildings with daylighting use less· energy for 
lighting than those without?" We would ideally com
pare the lighting energy use of the daylit buildings 
with "average" buildings, but sufficient end-use data 
do not exist for the building stock. 

The buildings we have been collecting data on 
are not typical new buildings; most have won awards 
for energy conservation, were low-energy demonstra
tion projects, or have been featured in journal arti
cles. We have calculated energy and electric peak 
demand intensities after grouping buildings accord
ing to type, size, climate, and other characteristics 



that influence consumption. As expected we have 
found that low annual intensities (kBtu/ft2-year) do 
riot necessarily mean a building is energy-efficient; 
nor do high intensities always imply inefficiency. 
For example, the presence of a large computer center 
or of 24 hour/day occupancy may cause high intensi
ties. Similarly, a very temperate climate may explain 
a low intensity. 

ACCOMPLISHMENTS DURING FY 1986 

The buildings we llave studied achieved low 
energy intensities in various ways. The end-use data 
greatly increase our ability to understand why the 
energy intensities are low. The most important find
ings are: 

• Lighting data tend to be the hardest to iso
late because of wiring configurations. Fan 
energy data are also problematic. 

• The daylit buildings, as expected, use less 
energy for lighting than the non-day lit 
buildings. 

• Heating and cooling energy use track aver
age monthly outdoor temperatures in 
many of the buildings. Lighting energy use 
tends to be higher in the winter. Fan 
energy use may also show seasonal varia
tions. 

• End-use data allow one to assess important 
impacts on energy -use of large miscellane
ous loads, such as kitchens and computer 
centers. Better data are needed to under
stand the impact of these large specialized 
loads. 

• Each of the eight buildings plotted in Fig
ure 1 tends to be relatively "energy
efficient" compared to the other sources of 
comparison data. 

PLANNED ACTIVITIES FOR FY 1987 

Research underway can be categorized into two 
areas. First is in data collection efforts such as 
ELCAP (End-Use and Load Conservation Assess
ment Program), which will produce end-use data for 
the Pacific Northwest3• Many utilities are also spon
soring end-use data collection efforts. Another 
source of data is from future buildings built to the 
proposed ASHRAE Standard 90.1 P. The standard 
recommends that buildings with electrical service 
over 250 kV A have electrical distribution systems 
that allow separation between circuits for: 1) HV AC, 
2) lighting, and 3) process loads over 20 kW. Energy 
management systems are also being studied for their 
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Figure 1. Annual site end-use consumption for 8 BECA
CN buildings compared to 2 ASHRAE Standard 90 office 
simulations. The buildings shown are: a library (LB), 3 
small offices (SO), a visitor's center (VC), 2 large offices 
(LO), and a hospital (HP). The ASH RAE data (90-75 and 
DA YUT) are based on DOE 2.1 simulations for a 
medium office under standard 90-75 and an energy
efficient redesign including daylighting. Service water 
heating is included in "other" energy use. (XBL 8612-
4822A) 

capability to provide whole-building and end-use 
data4• 

The second area is in developing commercial 
data analysis techniques. Weather normalization 
research, for example, is showing progress towards 
developing methods to interpret the effects of cli
mate on larger buildings and those that do not have 
strictly shell-dominated space conditioning loads5• 

In addition to more end-use data, better economics 
data are needed to determine the actual cost effec
tiveness of energy saving features. 

These findings are a preliminary look at the 
end-use data for energy-efficient, new commercial 
buildings. The large BECA data base effort is an 
ongoing project; data contributions from readers are 
welcomed. . 
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Building Monitoring Based on In
Place Energy Management Systems* 

H. Akbari 

The number of existing Energy Management Sys
tems (EMSs) in both retrofitted and new commercial 
buildings is significant and growing. In-place EMSs 
may be used to gather the additional information of 
interest for end-use load analysis. Analysis of data 
provided by in-place EMSs have led us to believe 
that this technology can be utilized to better under
stand present energy use, identify opportunities for 
load management and conservation, and monitor 
performance. 

Energy performance of buildings is often 
estimated by computer simulation but it must also 
be verified with actual measured data. I In-place 
EMSs provide a tool to collect these data. Compila
tion and analyses of hourly energy use, weather, and 
occupancy information recorded by EMSs can pro
vide a quick and cheap method of obtaining an 
electrical energy end-use breakdown without actually 
submetering end-uses such as lighting; heating, and 
cooling. 

ACCOMPLISHMENTS DURING FY 1986 

The capabilities of existing EMSs as a key to 
end-use characterization of an industrial-commercial 
building in Milpitas, California, have been 
evaluated.2 Spreadsheet programs have been 
developed to break down the daily and hourly total 
building electricity use into their major end-use con-

·This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-

76SF00098. 
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Building Energy Performance Data: Are Energy 
Management Systems a Promising Source?" 
Energy Technology XIII: Energy in Transition, 
Proceedings of the Thirteenth Energy Technol
ogy Conference, Washington D.C., LBL-20897. 

5. Eto, J. (1986), The Accuracy of Degree-Days in 
Accounting for the Effects of Weather in Office 
Building Energy Use, LBL-22630. 

stituents. The calculated total building electricity use 
agrees with measured data fairly well (within 10%) 
for the daytime hours of building operation where 
schedules and occupancy are known (see Fig. 1). 

To assess benefits of this technology to building 
owners, occupants, operators, and utilities, we have 
reviewed the major characteristics of EMSs currently 
available on the market in terms of their hardware, 
software, and intra- and inter-system communica
tions capabilities.3 Examples of data collection by 
two types of EMSs have been given to show how the 
gathered information could be utilized by both build
ing operators and utilities to document energy con
sumption and peak electricity demand in buildings. 
We discuss the commonly offered load management 
software. Finally, communications protocols that 
allow access to the data resident in the EMS are dis
cussed. 

There is a wide choice of equipment on the 
market that can be used for monitoring and control 
of energy use, load profiles, and ambient conditions 
in commercial buildings. This technology has been 
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Figure 1. Daily end-use breakdown for an industrial
commercial building in Milpitas, CA. The total electricity 
use for the day is 7425 kWh. (XBL-871-63) 



built on the solid technical base of the microcom
puter industry. Most computer-based energy manage
ment systems appear to have adequate hardware 
capabilities to collect and store the monitoring data 
needed to evaluate building energy use and load
shaping measures. Many stand-alone monitoring 
and control systems have hardware and software 
capabilities to implement demand-l~miting strategies. 
Some of the computer-based control systems specifi
cally address the issue of monitoring of electrical 
energy end-use and of electricity demand limiting. 

Most commercially available systems will require 
customization to a specific facility and set of meas
ures in order to provide the required monitoring 
information. Such customizing is, however, common 
practice even for the conventional control functions. 

Even where present, EMS capabilities may not 
be used to their full potential. Human resources will 
play an important role in the application of energy 
management systems to commercial load' manage
ment. There is some concern about the complexity 
of the technology. The trend in the building controls 
industry, however, is strongly toward microcomputer 
control. There is a period of adjustment as engineers, 
designers, controls vendors, and building operators 
become familiar with the equipment. 

Our work suggests that EMS-derived data may 
offer important advantages, in terms of cost and 
effort versus data quality, compared with conven
tional approaches now being used to analyze end-use 
performance in large buildings. Of course, using 
EMSs for monitoring will not be equally promising 
in all commercial buildings nor for all data needs. 
There must be a computerized energy management 
system already in place, with appropriate sensing, 
data storage, and communication capabilities. How
ever, we feel that these systems are already becoming 
standard equipment, especially in buildings larger 
than 100,000 square feet. 
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It is possible to take advantage of the data avail
able from even a simple EMS to determine some 
operating characteristics of a commercial building, 
especially to understand the way the electricity is 
used. Hourly EMS data help to indicate the weather 
dependency of the energy use in the building and can 
be used as a constraint in load profile estimations 
where they are invaluable in establishing an accurate 
end-use breakdown. 

PLANNED ACTIVITIES FOR FY 1987 

The results presented here are not the end of this 
study but represent a first attempt to exploit', EMS 
data. In FY 1987, this approach will be tested with 
more buildings, including some with submetering to 
cross-check the results and validate the general 
method. We also hope to explore buildings in other 
climate zones, and with other major interior activi
ties. Finally, we would like, in future studies, to 
quantify the benefits and drawbacks of simplified 
versus more sophisticated EMSs as the principal 
source of data. 

REFERENCES 

1. Flora, D., Le Coniac, P., and Akbari, H. (1986), 
Methods to Obtain Building Energy Perfor
mance Data: Are Energy Management Systems 
Promising Sources?, LBL-20897. 

2. Le Coniac, P., Flora, D.; and Akbari, H. (1986), 
Energy Management Systems as a Source of 
Energy Performance Data, LBL-21892. 

3. Akbari, H., Warren, M., and Harris, J. (1986), 
Energy Management Systems in Large Com
mercial Buildings: Monitoring and Control 
Capabilities, LBL-21041. 



Least-Cost: The Michigan Energy 
Options Study* 

F. Krause 

The Buildings Energy Data Group has been 
involved in least-cost studies for over five years and 
has been responsible for several conceptual advances, 
including the supply curve of conserved energy. At 
the same time, we have applied the concepts to stu
dies of conservation potential in California, the 
Pacific Northwest, and Texas. The Michigan Electri
city Options Study (MEOS) drew upon previous 
work, while requiring additional methodological 
developments. For example, we considered the 
effectiveness of both the conservation technologies 
and the programs to deliver them. 

ACCOMPLISHMENTS DURING FY 1986 

LBL was responsible for the assessment of the 
conservation potential in Michigan's residential sec
tor. Our analysis covered 13 appliance, lighting, and 
building end-uses ~onstituting 67% of total 1985 
residential electricity sales. We investigated more 
than 100 demand-side technologies and the programs 
needed to successfully deliver the technologies. The 
report is not yet complete, but our preliminary find
ings show that: 

• Between now and 2005, Michigan's two 
largest utilities can build a residential con
servation power plant equivalent to the 
output of one large (843 MW) base load 
plant. Almost 80% of this conservation 
power plant, or 654 MW of baseload capa
city equivalent, can be deployed by 1995. 
The estimate is based on available technol
ogy and implementation rates that have 
actually been achieved by other states and 
utilities. Moreover, levels of comfort and 
customer convenience are maintained or 
allowed to increase. It takes into account 
such factors as less than perfect installa
tions. (Fig. 1.) The achievable potential 
estimated by LBL is 33% lower than the 
consumption levels forecast by MEOS staff 
under a "business-as-usual" scenario. 

·This work was supported by the MERRA Research Corporation, 
through the U.S. Department of Energy, under Contract No. DE
AC03-76SF00098. 
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The cost of Michigan's residential 
demand-side resource is very attractive: 
with a social discount rate of 3%, the con
served energy from this demand-side 
power plant can be purchased for 
1.5¢/kWh-about half the short-run margi
nal cost of electricity from the average 
Michigan base load plant. This figure 
includes program administration costs and 
assumes 100% rebates. The average price 
of electricity is 6-8 times higher. 
With a 7% discount rate, the basic cost
effectiveness of the residential demand-side 
resource does not change appreciably. 
Again, about 80% of the resource can be 
purchased for less than 3¢/kWh, or at an 
average cost of conserved energy of 
2. 1 ¢/kWh. 
We have also calculated a technical poten
tial based on current and emerging conser
vation technologies. This technical poten
tial is an upper limit that ignores such pro
gram uncertainities such as limited custo
mer participation, less than perfect installa
tion of technologies, etc. It also assumes 
some technologies which are more 
advanced, some of which are not cost
effective at this time. We estimate the 
technical potential is equivalent to 1440 
MW of baseload equivalent in 2005, or a 
saving of 56% compared to the MEOS 
forecast. 
The same investments in conservation 
resources bring with them a more than 



proportional reduction in summer peak 
demand, resulting in a 12% improvement 
in the residential load factor at summer 
system peak. These peak load reductions 
constitute an important economic addi
tional benefit of the already highly cost
effective energy savings. 

• Fuel switching is often a cost-competitive 
option. In Michigan, customers with elec
tric water heaters represent the largest 
switchable demand. Based on 1985 fig
ures, some 1500 GWh of consumption and 
310 MW of summer peak load could be 
switched to gas at a cost of conserved 
energy of less than 2.4¢/kWh. 

The likely long-term outlook for a least-cost 
residential energy future thus consists of continuing 
reductions in residential electricity consumption. 

Primary Data Collection and 
Analysis: Comparison of Japanese 
and U.S. Refrigerator Testing 
Procedures* 

A. Meier 

Refrigerators consume the equivalent output of 
about 25 large power plants in the United States. 
Energy test procedures are an important element in 
forecasting refrigerator energy demand, and also per
mit comparison identification of new technologies. 
Japanese refrigerators were thought to have incor
porated several technical innovations, but differences 
in test procedures prevented a clear interpretation. 
Twelve Japanese refrigerators were tested under the 
U.S. DOE test procedure. We compared the DOE 
test results to those reported by the manufacturers 
under the Japanese test procedure. 

·This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 
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PLANNED ACTIVITIES FOR FY 1987 

. We expect to complete the Michigan study in FY 
1987. We will generalize the software so as to per
mit its application to other states and regions. We 
will also search for analytical shortcuts in order to 
reduce the amount of data collection and computa
tion. 

SUGGESTED READING 

1. Krause, F. et al. (1986), Analysis oj Michigan's 
Demand-Side Electricity Resources in the 
Residential Sector, report submitted to the 
MERRA Research Corporation. 

2. Meier, A., Wright, J., and Rosenfeld, A.H. 
(1983), Supplying Energy Through Greater Effi
ciency: The Potential Jor Conservation in 
California's Residential Sector, University. of 
California Press, Berkeley, California. 

ACCOMPLISHMENTS DURING FY 1986 

Twelve refrigerators were tested according to the 
DOE procedure. In each case, the DOE test yielded 
a higher energy use than that reported by the 
manufacturers. A scatter plot of the annual electri
city consumptions of the twelve units is shown in 
Figure 1. The equation best describing the relation 
between the DOE and Japanese test is: 

DOE = 1.44 X JPN + 33. 

where DOE is the annual electricity use (kWh/year) 
as determined by the DOE test, JPN is the manufac
turers' reported electricity use as determined by the 
Japanese test procedure (kWh/year), and 1.44 and 33 
are constants. The correlation coefficient is 0.98. In 
other words, the DOE test yields an energy use about 
44% higher than the Japanese test plus 33 kWh/year. 

PLANNED ACTIVITIES FOR FY 1987 

Our goal is to develop a lab test procedure that is 
useful in identifying new technologies and reasonably 
duplicates field consumption. We will continue 
investigation of refrigerator energy use, both in the 
laboratory and in the field. The result will be an 
unusually complete data set on refrigerator energy 
use. We will coordinate laboratory research at the 
National Bureau of Standards, the Ontario Research 
Foundation, and other utilities. These investigations 
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will lead to a better understanding of the sensitivity 
of new refrigeration technologies to variations in test 
conditions. At the same time, LBL will assist 
Bonneville Power Administration in field monitoring 
similar units in the Pacific Northwest. 

SUGGESTED READING 

1. Meier, A. (1986), Energy Use Test Procedures 
Jor Appliances: A Case Study oj Japanese ReJri
gerators, LBL-22708. 

Figure 1. Scatter plot of annual electricity consumption of 
12 Japanese refrigerators. The Japanese consumption is 
that reported by the manufacturers, while the DOE was 
obtained from direct testing. Twelve units were tested, but 
three were duplicates. The regression line is based on the 
nine unique models. (XBL-86 I 2-5022) 
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ENERGY CONSERVATION POLICY 

Overview 

The following seven articles describe specific 
research work of the Energy Conservation Policy 
Group. In this article, we wish to describe the broad 
thrusts and goals of the Group. 

The Group is presently working in three general 
areas: development of energy conservation policy for 
commercial buildings in Southeast Asia, assessment 
of appliance energy efficiency standards in the 
United States, and analysis of impacts of demand
side programs on electric utilities, their ratepayers, 
and society. All three of these:activities have in 
common the analysis of key public policy issues 
relating to energy demand. The current work 
involves working with three very different types of 
institutions on energy demand policy. The first 
addresses foreign governments in developing or 
newly industrialized countries; the second deals with 
the U.S. federal government; the third addresses 
decision makers among electric utilities. The vary
ing perspectives among these institutions constitutes 
a very rich source of understanding of how energy 
demand policies may be perceived. From our 
experience, it is perhaps most useful to note the per
spective of developing countries. The developing 
countries with which we have worked have been the 
most enthusiastic about efforts to implement cost
effective measures to reduce energy use. Unfor
tunately, these countries have the fewest tools and 
technical expertise to develop, analyze, initiate, carry 
out, or evaluate such programs. Nonetheless, over 
perhaps a ten-year time period, substantial progress 
in increasing the efficiency of energy use is likely. 

What is the role of policy analysis? Why is it 
carried out? 

In many ways, policy analysis-when properly 
applied-serves to remove from political debate dis
cussion topics that can be resolved with data. For 
example, in the assessment of appliance efficiency 
standards, parties in the political arena will make 
varying and disputed claims about what types of effi
ciency in products are possible, in what time frames, 
and at what costs. A responsible policy maker needs 
the best available information on topics such as 
these to make decisions. Similarly, for electric utili-

. ties, effects of policies on load shapes can be signifi
cant and can effect the financial performance of the 

utility. Utility decision makers need this type of 
information, and very often they do not have it 
when making decisions about which programs to 
support or reject. Further, policies relating to utility 
demand-side programs can have significantly dif
ferent impacts when viewed from a utility or from a 
social perspective. Utility regulators, who are 
responsible for the public welfare, need to know 
these types of impacts. Thus, in a broad sense, the 
major function of policy analysis is the development 
of reliable information, analyzed in a fair and 
rational manner, and presented in such a manner 
that decision makers can use it. Uncertainties in 

( information and analysis methodology also need to 
be captured and properly presented. 
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What are longer term objectives of the Group? 
First, we anticipate continuing efforts in the 

areas of past research. The three general areas all 
remain active and important topics, with many basic 
questions as yet unanswered and policy not yet for
mulated. For example, in the appliance standards 
area, we have gained considerable new knowledge 
about the energy efficiency decisions in the market; 
nonetheless, there is much that we do not know. 
Understanding market behavior is very valuable for 
assessing impacts of policies, analyzing different 
types of policies, and reducing uncertainty about 
growth in energy demand (a factor that affects a very 
wide range of energy decisions). We also have as an 
objective the expansion of the work on energy con
servation in South-East Asia to other developing 
countries of the world, as we believe that there is 
considerable and br.oad interest in such topics. An 
important new activity highly worth pursuing 
involves investigating new types of policy initiatives. 
In this country, we have been through a period (in 
the middle 1970s) in which major new Congressional 
thrusts in policy have taken place, there has been 
experience and learning about which policies and 
programs have worked and which have not, and this 
knowledge can be used to explore new approaches. 
Finally, we believe that some important methodolog
ical issues relating to policy analysis need to be 
addressed. For example, because of limited data 
availability, very little effort has been devoted to 
exploring the equity impacts of different policies as 
distinct from their impact on economic efficiency. 
Much more work is needed in this and related areas. 



Energy Conservation Policy for 
Commercial Buildings in Southeast 
Asia* 

M. D. Levine, B. Birdsall, J. Busch, K. H. Olson, 
/. Turiel, and M. Warren 

The overall purpose of this project is to stimu
late the development and implementation of policies 
to increase the efficiency of energy use in commer
cial buildings in five countries in the Association of 
South East Asian Nations (ASEAN): (1) Indonesia, 
(2) Malaysia, (3) Philippines, (4) Singapore, and (5) 
Thailand. This is carried out through training, 
research projects, analysis and assessment, and infor
mation dissemination. 

Previous research demonstrated that significant 
energy savings in commercial buildings are possible. 
Figure 1 shows the types of measures that can reduce 
energy costs and the magnitude of savings that can 
be achieved. This figure makes clear that the largest 
reductions in energy use are for windows and light
ing measures and that the overall reductions are sub
stantial (more than 20% for daylighting alone). 
These large savings are particularly impressive when 
one recognizes that Singapore, for which the analysis 
was performed, already has among the most energy 
efficient buildings of any place in the tropics, having 
instituted an energy conservation standard in 1979 
and having now achieved full compliance with the 
standard. For the ASEAN region as a whole, 20% 
savings (achievable in a ten-year time frame with a 
payback of two to four years) represents an annual 
electricity savings of about $400 million. (More than 
one-third of the electricity used in the region is in 
commercial buildings.) 

ACCOMPLISHMENTS DURING FY 1986 

A major training activity brought fifteen govern
ment and research personnel from the five Asian 
countries to LBL for a five-week training program. 
The training included considerable emphasis on the 
use of DOE-2 to evaluate the energy performance of 
commercial buildings. The course also involved lec
tures on a variety of research topics concerning light
ing, day lighting, natural ventilation, air conditioning 
equipment, data gathering and analysis, and related 

*This work was supported by the U.S. Agency for International 
Development through the U.S. Department of Energy, under Con
tract No. DE-AC03-76SFOOO98. 

5-27 

Daylighting 
r#'f#~~ifJ7~iff;~~L~i9~h7ti""ng~(2~0~t~0 -:-1 ~5.~8 W 1m2) 

~~##~~~ External shading (1.4 m window setback) 
Window·to-wall ratio (0.44 to 0.25) 

~~~~S::":h~ading coefficient (0.47 to 0.35) 

"""'~~ Cooling setpoint (25 to 26.1°C) 
Ventilation (7 to 5 cfm/person) 

Wall absorptivity (0.45 to 0.30) 
Glass conductance (double pane to single pane) 

Minimum cfm ratio (0.5 to 0.3) 
Insulation (RO to R 11) 
Infiltration (0.6 to 0.3) 
Roof absorptivity (0.30 to 0.15) 

o 2 4 6 8 10 12 14 

Figure 1. Reduction in total energy use (%). (XBL 841-
68A) 

subjects. In addition to the course at LBL, an energy 
audit training course was carried out in Indonesia. 

Research was initiated on a variety of topics: (1) 
wind tunnel research was conducted to define 
parameters to describe wind flow both outside and 
inside buildings in Asian climates; (2) computer 
simulations of wind flow around buildings were ini
tiated; and (3) an analysis of the economics of ice 
storage in commercial buildings (considering both 
the weather and the load characteristics of the elec
tric utilities in each of the countries) was carried out. 

The greatest emphasis in the project concerned 
the development of energy conservation standards 
for commercial buildings for Malaysia. Work was 
done with the ASHRAE Standards Project Commit
tee dealing with commercial buildings, detailed ana
lyses of energy and economic impacts of standards in 
Malaysia were conducted, and early work on struc
turing a guide book for commercial building stan
dards was begun. This detailed work is intended to 
serve as a starting point and guide for similar 
research in other countries in the region. LBL also 
played a key role in designing the component of the 
Thai five-year economic plan dealing with energy 
conservation in buildings. 

Little effort was placed on information dissemi
nation during the year, as this activity will be carried 
out in later years of the project. 

PLANNEO ACTIVITIES FOR FY 1987 

The coming fiscal year will see a continuation of 
the same types of work already conducted. During 
FY 1987, we anticipate that research groups in each 



of the ASEAN countries will be funded to work col
laboratively with the LBL team. Research on day
lighting, building monitoring, air conditioning equip
ment efficiency, natural ventilation, and (particu-

Analysis of Federal Appliance Energy 
Efficiency Standards* 

M. D. Levine. P. Chan, J. McMahon. H. Ruderman. 
and I. Turiel 

LBL is responsible for an integrated analysis of 
the impacts of federal appliance energy efficiency 
standards. The research involves a detailed assess
ment of impacts on consumers, manufacturers, elec
tric utilities, and on the nation as a whole. Figure 1 
presents an overview of the overall analysis metho
dology. 

ACCOMPLISHMENTS DURING FY 1986 

The achievements during FY 1986 can best be 
divided into the following topics: (1) engineering stu
dies, quantifying efficiency improvements of dif
ferent design options and their costs of production; 
(2) improvements in methodology for forecasting 
residential energy and appliance efficiency; (3) assess
ment of impacts of appliance standards on manufac
turers; and (4) other. We summarize briefly the 
major accomplishments in each of these areas. 

Engineering Analysis 

A survey was conducted that identified all the 
major options for increasing the energy efficiency of 
residential appliances (including space conditioning 
equipment).· This survey provides a common basis 
for discussing the full range of possibilities for 
increasing efficiency of residential equipment over 
the next decade and possibly longer. . 

A detailed computer investigation of the energy 
performance of heat pumps was completed.2 Results 
of the computer study were compared with ex peri-

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings and Communi
ty Systems, Building Equipment Division of the U.S. Department 
of Energy, under Contract No. DE-AC03-76SF00098. 
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larly) computer simulations to provide a basis for 
policy development is expected to go ahead jointly 
between LBL and various research centers 
throughout ASEAN. 

mental data obtained from manufacturers. Parame
ters of the calculation were modified to obtain 
results for central air conditioners. The analysis 
showed that, with a two-speed compressor and other 
improvements, efficiencies of heat pumps and cen
tral air conditioners can be approximately doubled 
from the average product purchased today. 

An effort was initiated to obtain the manufactur
ing costs of efficiency improvements for all the appli
ances. 

Forecasting 

The forecasting methodology involves the use of 
the LBL Residential Energy Model, described in an 
accompanying article by McMahon and Chan. The 
major-advances during the past year involved: (1) a 
disaggregate study of market share elasticities for 
space conditioning equipment (describing the change 
in sales as a function of income, fuel price, and first 
cost of the equipment); (2) comparison of backcasted 
efficiencies and sales from the model with historical 
data; and (3) application of the forecasting model to 
electric utility service areas. 

Manufacturer Impacts 

A detailed assessment of the impacts of appli
ance standards on manufacturers of heat pumps and 
central air conditioners was completed.3 Financial 
data describing the industry were obtained from 
various sources, meetings with consultants familiar 
with the industry were carried out, a computet 
model describing the financial conditions of the 
industry was constructed, a simplified model focus
ing on the key aspects of appliance standards impact
ing the industry was built, and the model was run for 
numerous sensitivity cases. The general conclusions 
of the research were that the major impact of stan
dards was to reduce profits of that segment of the 
industry that was not as competitive as the price 
leaders. For this industry, the less competitive seg
ment was estimated to be less than 10% by sales; the 
overall impact under the most common assumptions 
was a reduction of profits for this segment of about 
30%. 



APPLIANCE 
COST vs. 

EFFICIENCY 
IMPACT ASSESSMENT 

• Macroeconomic 
Impacts 

• Energy • Producer 
Use Data ORNL Impacts 

• Energy MODEL • Equity 

Price FORECASTS Impacts 

Assumptions • Base • Electric 

• Housing Case Utility 

Starts • Standards Impacts 

• Elasticities • Sensitivies • Energy 

• ORNL Model 
Impacts 

Improvements • Consumer Economic 
Impacts 

• Alternative 
Policies 

-STANDARDS 
LEVEL 

Figure 1. Overview of research methodology. (XBL 845-1963) 

Other 

Other studies involved in the appliance stan
dards research included the analysis of impacts on 
electric utilities (described in the accompanying arti
cle by Eto, McMahon, Koomey, and Chan), an 
update of a survey on the penetration and impact of 
utility appliance rebate programs,4 and an investiga
tion into appropriate discount rates to use in 
evaluating federal programs. 5 

PLANNED ACTIVITIES FOR FY 1987 

A major output anticipated in early 1987 is an 
analysis of the impacts of appliance efficiency stan
dards proposed by Congress under the National 
Appliance Energy Conservation Act. This Act is the 
result of a consensus process carried out between 
manufacturers and environmental groups (especially 
the Natural Resources Defense Council). 

Under present plans, the primary emphases of 
the research will be: (I) completion of engineering 
studies of all major products; (2) completion of the 
cost estimation for all major products; (3) initiation 
of studies of manufacturer impacts for one or two 
additional product manufacturers; (4) data gathering 
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and analysis to develop qualitative estimates of 
impacts on other product manufacturers; and (5) 
continued refinement of residential energy demand 
forecasting. 
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The LBL Residential Energy Model* 

J.E. McMahon and P. Chan 

Detailed forecasting models have been used since 
the mid-1970's to assess potential impacts on consu
mers of proposed federal energy conservation poli
cies. The first such model intended as a policy 
analysis tool for the residential sector was the Oak 
Ridge National Laboratory (ORNL) Engineering
Economic Model of Residential Energy Use. 1 A ver
sion of the ORNL Model was moved to LBL and 
adapted for an analysis of Consumer Product Effi
ciency Standards in 1979 (see Fig. I). Public com
ments during the rulemaking process and new ana
lyses at LBL have suggested many changes in the 
methodology for simulating residential energy con
sumption. Some of those changes have been imple
mented and described in U.S. Department of Energy 
publications,2,3 conference proceedings, LBL reports, 
and previous LBL annual reports describing the 
analysis of mandatory appliance efficiency standards. 

The accumulation of major changes to the 
method, including a new analysis of market behavior 
regarding appliance efficiencies, makes the LBL ver
sion of the ORNL model unique. The increasing 
availability of data and the need to analyze issues 
raised by interested parties in the rulemaking process 
have driven the transition from the ORNL to the 
LBL Model. The major methodological differences 
include: representation of recent equipment effi
ciency trends, forecasting of future appliance efficien
cies based on an analysis of market behavior during 
the last decade; calculation of appliance replacements 
based on historical purchases and retirements; the 
data base for equipment costs and efficiencies; and 
treatment of heat pumps as competitive space condi
tioning systems. In addition, the LBL Model has 
been integrated with other tools for the study of indi
vidual electric utilities. (An accompanying article by 
Eto describes the results of that work.) A recent 
description of the current model, including all 
changes to the original ORNL Model, is available.4 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Equipment Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 
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Figure 1. Logic diagram showing major components of 
LBL Residential Energy Model. (XCG 8412-13510) 

ACCOMPLISHMENTS DURING FY 1986 

The space conditioning market share elasticities 
have been replaced. The new method draws on the 
household-specific data from Annual Housing Sur
veys (1975-79), the same data used by REEPS (the 
EPRI-sponsored residential end~use demand model). 
Furthermore, the new method gives elasticities that 
vary with the size of the perturbation in the indepen
dent variables; links room and central heating 
choice; and links central air conditioning choice to 
space heating choice. 

The accuracy of previous forecasts of equipment 
efficiency and shipments has been assessed. 5 For 
many products, the changes in method and data 
have improved the accuracy. Those areas with the 
largest remaining forecasting errors have been identi
fied. 

Aversion of the LBL Residential Energy Model 
is under development for use on personal computers. 
This greatly increases the transportability of the 
model and makes it more accessible to a number of 
users. 

Regional disaggregation of the model has been 
begun. Much of the input data for ten Federal 
Regions has been gathered. 

Equipment prices have been reestimated to 
include different markups by market segment. This 



provides a better characterization of the real-world 
pricing structure, including the importance of the 
builder market. 

We completed 2 additional utility case studies, 
described elsewhere. 

PLANNED ACTIVITIES FOR FY 1987 

New analyses will be performed of national con
sumer, energy, and market impacts of possible 
federal appliance efficiency standard levels. 

Updated engineering and pricing information 
regarding alternative equipment designs will be 
incorporated into the data base as available. 

Collection of all necessary data to apply the 
model to regions of the country will be completed; 
This will permit characterization of major regional 
differences in energy end-use consumption patterns, 
and in impacts of national energy policies. Part of 
this work will involve analyses of 1980 Census 
microdata. 

In response to the downturn in energy prices in 
1986, we plan to research the equipment efficiency 
improvements occurring in this period of lower 
prices. The inertia in the system (leading to effi
ciency improvements even when energy prices 
decline) will be characterized. This may lead to 

Market Share Elasticities of Home 
Heating and Cooling Systems* 

D. Wood, H. Ruderman, and J. E. McMahon 

Energy demand forecasting models provide esti
mates of how the market shares of different fuels 
(electricity, gas, or oil) or technologies (centralized 
vs. decentralized systems) change in response to 
changes in the economy. Last year we reported the 
development of a new technique to estimate own
and cross-elasticities of market share (with respect to 
capital costs, operating costs, and income) from 
disaggregate econometric studies. The unique 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Building and Community 
Systems, Building Equipment Division of the U.S. Department of 
Energy, under Contract No. DE-AC03-76SF00098. 
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further improvements in our ability to forecast effi
ciency improvements over the long term. 
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features of our approach are: 1) the derivation of 
aggregate market share elasticities from individual 
household data; 2) the linkage of space heating to air 
conditioning choice; 3) explicit treatment of indivi
dual technologies, including heat pumps; and 4) the 
direct calculation of new market shares due to 
changes in the explanatory variables, without carry
ing out an integration. 

Like most previous studies, our method starts 
from regression equations. We perturb slightly the 
economic factor for which we want elasticities (e.g., 
price of electricity, capital cost of a gas furnace, etc.). 
For each household in the database, we calculate 
from the regression equation the new probability of 
choosing each technology under the perturbed condi
tions. Changes in probabilities are averaged across 
households, giving an estimate of the change in 
market share. Dividing by the relative size of the 
perturbation and the original market share gives the 
appropriate arc elasticity as a function of the pertur
bation size. 



We calculate the arc elasticity as a function of 
perturbation size and fit a least-squares quadratic 
curve to this data. The intercept of this curve 
(equivalent to a perturbation size approaching a limit 
of zero) is taken as our estimate for the point elasti
city. The use of arc, rather than point, elasticities 
allows for more accurate representation of economic 
effects due to "large" (i.e., non-trivial) changes in 
income, fuel costs, etc. 

ACCOMPLISHMENTS DURING FY 1986 

Demonstration of the Severity of Aggregation 
Bias 

One principal advantage of our household 
enumeration method of deriving elasticities is that it 
provides complete freedom. from aggregation bias. 
This bias occurs in the traditional "naive" approach 
(i.e., using sample mean values in analytic expres
sions for the elasticity) due to neglect of covariance 
relationships among the exogenous variables. The 
potential severity of this bias (and the corresponding 
value of our bias-free method) was demonstrated by 
comparing naive elasticities (calculated at the mean 
values of the Electric Power Research Institute 
(EPRI) dataset) and our disaggregate numerical elas
ticities. 1 

, Figure 1 shows the arc elasticities of market 
share of electric systems with respect to the price of 

0.8,---------r---------..., 
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dis3ggregatc elasticity-- aggregate elasticity 
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Figure 1. Disaggregate and SMSA-aggregate elasticities 
electric systems with respect to price of gas. (XBL 8612-
4923) 
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natural gas. Results are shown for two levels of 
disaggregation: individual households and house
holds grouped within each Standard Metropolitan 
Statistical Area (SMSA). Our major conclusions 
(drawn from this and other similar diagrams) are: 1) 
naive elasticities are unacceptably biased; 2) the bias 
in arc elasticities at the SMSA level of disaggregation 
may be acceptable (compared to household); and 3) 
arc elasticities vary non-trivially as a function of per~ 
turbation size. 

Modifications and Extensions to EPRI Model 

Our principal activity this year has been to 
modify and extend the EPRI model, giving a better 
fit of the exogenous variables to the data, and 
correcting some implausible cost calculations. These 
corrections and extensions are described more fully 
in an LBL report.2 

Heat Pump Cost Calculations 

The EPRI models included, as independent vari
ables, the capital and operating costs of each alterna
tive technology. These costs were estimated by using 
a model of residential thermal integrity and heating 
loads to estimate the capacity and fuel consumption 
of each technology in each household, and then local 
construction costs and fuel prices to translate these 
into dollar values. Heat pump capital costs seemed 
quite high (on average, about four times the cost of a 
conventional air conditioner for the same house
hold), and operating costs somewhat low. Both of 
these errors could be explained by an oversizing of 
heat pumps in cold climates. 

To rectify the apparent overstatement of capital 
costs, we proposed a conservative upper bound for 
any household's heat pump capital costs, and 
corrected both capital and operating cost of heat 
pumps for those households violating the bound. 
Re-estimating the logit regressions, we found signifi
cant improvements in the fit of the model to the 
data. 

Cumulative Gas Restrictions 

The period covered by the EPRI (1975-1979) 
study included several major disruptions in the U.S. 
energy supply. Many gas utilities were obliged to 
restrict or even completely prohibit new residential 
gas service at some point in that period, significantly 
affecting the market for space heating. EPRI 
modeled these effects by including binary variables 
which indicated the presence or absence of three dif
ferent kinds of restrictions for the gas utility serving 
each household in the year the house was built. The 



effects of these variables were all found to be statisti-
cally significant. r 

We investigated whether the effects of gas restric
tions extended beyond the period during which they 
were in force. This could occur either because of a 
psychological mechanism, as consumers and builders 
remember the prior curtailments and wish to avoid 
that possibility in the future, or because of the 
growth of a sales and service infrastructure for alter
native technologies during the curtailment. 

We extended the definition of the "gas restric
tions" variables so that they were fractional if restric
tions had been present in years prior to the construc
tion of a particular residence. We took into account 
both the duration of the restriction and the time 
since it was in effect. Changing the gas restrictions 
variables in this way significantly improved the qual
ity of the fit of the model to the data, and allowed 
for improved modeling in the LBL Residential 
Energy Model (LBLREM) of gas market shares. 

PLANNED ACTIVITIES FOR FY 1987 

These modifications to the EPRI model give us a 
high degree of confidence in the elasticities derived 

Design Options for Energy Efficiency 
Improvement of Resid~ntial 
Appliances* 

I. Turiel and M. D. Levine 

This article describes the preparation of informa
tion needed for the Department of Energy (DOE) 
appliance standards evaluation effort. The appliances 
discussed are refrigerator/freezers, freezers, dishwash
ers, clothes dryers, water heaters, room air condition
ers, home heating equipment, television sets, kitchen 
ranges and ovens, clothes washers, humidifiers and 
dehumidifiers, central air conditioners (including 
heat pumps), and furnaces. In the original standards 
analysis, completed in the early 1980's, DOE segre-

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 
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from it. These new elasticities, together with some 
minor extensions of LBLREM (we can now account 
for predicted shifts in the U.S. population to warmer 
or colder climates), allow for significantly improved 
modeling of national residential energy demand. 
The newly-extended version of LBLREM, together 
with new elasticities derived from the modified 
EPRI model, are being used in our ongoing analysis 
of appliance efficiency standards. 
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gated the basic models of each product type into 
separate classes to which different energy efficiency 
standards would apply. As mandated by the 
National Energy Conservation Act, the classes were 
differentiated by type of energy used, and capacity or 
performance-related features which provided utility 
to the consumer and affected efficiency. 

The purpose of this work is to identify the 
changes that have taken place in the products since 
the early 1980's, suggest possible revisions to product 
classes, and update the selection of design options 
for energy efficiency improvement. Product classes 
are recommended for each of these thirteen product 
types. Design options to improve energy efficiency 
are described for each of the product types. Options 
used in foreign products and in the prototype stage 
of development are included. Thirteen tables were 
prepared which contain a list and brief description of 
each suggested design option. 

ACCOMPLISHMENTS DURING FY 1986 

The following listing, for refrigerator-freezers, is 
a good example of the design options developed for 
each of the product types. 



1) Foam Insulation Substitution in Doors. 
Fiberglass insulation is replaced with polyurethane 
foam insulation. Since polyurethane foam has a 
thermal conductivity lower than that of fiberglass, 
this option reduces total cabinet heat leakage. 

2) Increased Door Insulation Thickness. Foam 
door insulation is increased to a nominal thickness 
of 2 inches to further reduce heat leakage. 

3) High-Efficiency Compressor Substitution. A 
high-efficiency compressor replaces a conventional 
design. 

4) Double Door Gasket. An additional inner 
door seal gasket reduces heat leakage and air infiltra
tion through the door. 

5) Anti-Sweat Heater Switch. Cabinet heaters 
prevent condensation on the cabinet exterior in high 
humidity. A switch is installed, which can be used in 
a dry environment to shut off the heaters. Energy 
savings are realized by eliminating both the heater 
power consumption and the heat that flows into the 
cold. space from these heaters, which must be 
removed by the refrigeration system. In baseline 
units with a hot gas loop, this option includes replac
ing this loop with electric resistance wire. 

6) Increased Cabinet Insulation Thickness. 
Foam cabinet insulation is increased to a nominal 2 
inches to decrease heat leakage. 

7) Reduce Heat Load of Through-the-Door 
Feature. Improved insulation can be used to 
decrease the heat leakage and additional power con
sumption attributable to the through-the-door service 
feature (ice, water, etc.). 

8) Increased Evaporator Surface Area. Increased 
heat exchanger surface area in the evaporator pro
duces more efficient operation of the refrigeration 
system. 

9) Hybrid Evaporator. The use of separate eva
porators in the refrigerator and freezer compartments 
increases performance by reducing defrost require
ments, fan power consumption and door gasket air 
leakage. . 

10) Adaptive Defrost Contro!' The use of 
"smart" controls to adjust the interval between 
defrost cycles has the potential for saving significant 
energy depending on the refrigerator model, usage, 
and ambient conditions in which the product is 
located. 
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11) Fan and Fan Motor Improvement. Using 
new technologies (e.g., dry-film capacitor motors), 
improved fans can replace the conventional types. 

12) Enhanced Heat Transfer Surfaces. Improve
ments in the rate of heat transfer would be obtained 
by modifying the heat transfer surfaces. 

13) Mixed Refrigerants. Mixed refrigerants may 
improve performance through enhanced capacity 
modulation. Thus far, this option has not provided 
any practical improvements in performance in 
refrigerator-freezers. 

14) Fluid Control Valves. To control refrigerant 
flow at especially high load conditions, an automatic, 
adjustable expansion valve instead of the traditional 
capillary tube can provide better performance. 

15) Improved Foam Insulation. Improvements 
in the cell structure and the solid conduction of the 
foam should result in some overall product energy 
efficiency. 

16) Evacuated Insulation Panels. Using evacu
ated panels in the large planar walls of the cabinet 
reduces heat transfer through the panels. 

17) Two-Compressor System. Refrigerator/ 
freezers can operate more efficiently with separate 
refrigeration systems for the refrigerator and freezer 
compartments. 

18) Use Of Natural Convection Currents. The 
use of natural convection currents (such as in some 
two-compressor refrigerator/freezers) in lieu of fans 
eliminates electricity use for the fans and reduces the 
load on the refrigeration system. 

19) Location Of Compressor And Condensers. 
Top mounted compressors and condensers can cool 
more efficiently, since they can run cooler, due to 
heat being more readily convected away from the 
refrigeration system. 

PLANNED ACTIVITIES FOR FY 1987 

Future publications will discuss the change in 
efficiency brought about by each design change and 
the cost of products of improved efficiency. 

SUGGESTED READING 

1. Turiel, I. (1986), Design Options for Energy 
Efficiency Improvement of .Residential Appli
ances, LBL-22372. 



Analysis of the Economic Impact of 
Demand-Side Programs on Utilities: 
Nevada Power and Texas Utilities 
Electric Company Case Studies* 

J. Eto, J. McMahon, J. Koomey, and P. Chan 

The goal of this LBL project is to develop tools 
and procedures that measure the financial impacts of 
load shape changes to utility ratepayers and society. 
The analysis is based on detailed forecasts of energy 
use by computer simulation models developed at 
LBL. These models disaggregate both annual energy 
use and hourly system electric loads at the end-use 
level for the residential sector. This detail is essen
tial for calculating production and capacity cost 
benefits, and tariff-class specific revenue changes. 
We are thus able to combine several analytical pro
cedures commonly employed by the industry 
independent of one another to yield an integrated 
assessment of the financial impacts of load shape 
changes. Figure 1 summarizes the models used and 
the flows of information between them. 

In FY 1986, we analyzed the financial impacts of 
mandatory residential appliance efficiency standards 
in the service territories of the Nevada Power Com
pany (NPC) and the Texas Utilities Electric Com
pany (TUEC). Load shape impacts were calculated 
using the LBL Residential Energy Model, the LBL 
Residential Hourly and Peak Demand Model, and 
the DOE-2 Building Energy Analysis Model. Finan
cial impacts were calculated with the LBL Utility 
Financial Impact Model. 

ACCOMPLISHMENTS DURING FY 1986 

The analysis began with detailed forecasts of 
energy and hourly demands from the LBL Residen
tial Energy and LBL Residential Hourly and Peak 
Demand Models. Together, these models are capa
ble of producing a twenty year forecast of hourly 
end-use electricity demands. Though not analyzed 
in the current study, the LBL Residential Energy 
Model also accounts for non-electrical energy use 
and fuel-switching. Where lacking, inputs to 
describe the thermal integrity of residences were 
developed with the DOE-2 model. Extensive calibra-

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 
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Figure 1. LBL Integrated Demand-Side Program Analysis 
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tion to historic sales and peak demands preceded 
these forecasts and achieved good agreement with 
utility records. 

Three levels of mandatory residential appliance 
efficiency standards with a start date of 1987 were 
chosen to span a range of load shape impacts. The 
first mandated modest increases in the efficiency of 
all appliances. This standard produced a rather even 
decrease in forecast loads throughout the year. The 
second was essentially the same standard except for a 
significantly higher minimum efficiency for central 
air conditioners. This standard produced dramatic 
reduction in summer peak demands and, due to the 
high saturation of central air conditioners, large 
energy savings as well. The third standard targeted 
only space cooling end-uses. This standard produced 
large reductions in peak demands along with modest 
decreases in energy use. 

The benefits to both society and the utility are 
avoided production costs. For NPC, avoided long
and short-run production costs were calculated with 
the aid of a production cost simulation model. For 
TUEC, we relied on avoided cost filings to calculate 
benefits. The cost to rate-payers is the under
recovery of fixed costs resulting from decreased sales 
of electricity that must be recovered from customers. 
For NPC, this cost is, in fact, a benefit since avoided 
marginal variable operating costs exceed projected 
retail rates. The utility's weighted average cost of 
capital was used to discount the net of benefits less 
costs. The cost to society is the additional cost of 



the more efficient appliances. A lower discount rate 
was used to compute the present value of savings to 
society. 

We find that ratepayers and society prefer dif
ferent appliance standards. While all standards are 
cost-effective from the utility perspective, the 
greatest net benefit results from the standards that 
produce the highest residential class load factor. 
Conversely, the greatest benefit from a societal per
spective results from the standard that produces the 
lowest increase in class load factor. This last result 
is sensitive to the cost of more efficient appliances. 

PLANNED ACTIVITIES FOR FY 1987 

In FY 1987, we will evaluate the capability of 
existing integrated planning models for least-cost 
planning as an alternative to the current approach, 
which requires linking large stand-alone models. 

SUGGESTED READING 

1. Pignone, C. (1985), The Detroit Edison Com
pany: Financial Impacts on Utilities of Load 

Integration of Supply and Demand 
Planning: Pacific Gas and Electric 
Company Case Study* 

E. Kahn, C. Pignone, and A. Comnes 

The goal of this project is to improve the ability 
to evaluate demand-side programs in the electric 
utility resource planning process. The project is 
designed as a case study of the Pacific Gas and Elec
tric Company (PG&E) and is partially funded by 
them. The analysis is based on the use of an 
integrated planning model called the Load Manage
ment Strategy Testing Model (LMSTM). This model 
allows a disaggregated chronological representation 
of electric utility load shapes, integrated with produc
tion simulation and the representation of rate and 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy,. under Contract No. DE-AC03-
76SF00098, and by the Pacific Gas and Electric Company. 
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Shape Changes Project, Stage I Technical 
Report, LBL-19750. 

2. Eto, J., McMahon, J., and Chan, P. (1985), The 
Pacific Gas and Electric Company: Financial 
Impacts on Utilities of Load Shape Changes 
Project, Stage II Technical Report, LBL-19751. 

3. Eto, J., McMahon, J., and Chan, P. (1986), The 
Virginia Electric and Power Company: Finan
cial Impacts on Utilities of Load Shape 
Changes Project, Stage III Technical Report, 
LBL-19752. 

4. Eto, J., Koomey, J., McMahon, J., and Chan, 
P. (1986), The Nevada Power Company: Finan
cial Impacts on Utilities of Load Shape 
Changes Project, Stage IV Technical Report, 
LBL-21597. 

5. Eto, J., Koomey, J., McMahon, J., and Chan, 
P. (1986), The Texas Utilities Electric Com
pany: Financial Impacts on Utilities of Load 
Shape Changes Project, Stage V Technical 
Report, LBL-21598. 

6. Kahn, E., et al. (1986), The Effect of Conserva
tion Programs on Electric Utility Earnings: 
Results of Two Case Studies, LBL-21098. 

financial data. Because integrated models must 
approximate the representation in each of their com
ponents, there is some concern that the simplifica
tion will be excessive and important information will 
be lost. This concern is greatest for the production 
simulation element. PG&E is a particularly complex 
power system whose operation is subject to many 
constraints and which must integrate a wide variety 
of resources. Thus the first task of the project 
involved the calibration of LMSTM's production 
simulation to the more detailed models used by 
PG&E for electric resource planning purposes. This 
task was accomplished in FY 1986. Following the 
completion of the calibration, we will conduct the 
resource-planning evaluation based on large-scale 
implementation of demand-side programs. 

ACCOMPLISHMENTS DURING FY 1986 

PG&E supplied LBL with the input and output 
representations used for electric resource planning 
with production simulation models. The primary 
task of the calibration was to aggregate and respecify 
this data in a form compatible with the input 
requirements of LMSTM. The aggregation is neces-



sary because LMSTM simulates seasons compared to 
the monthly simulation periods used in the more 
complex models. The choice of season definitions is 
a user option in LMSTM. For the PG&E system, 
the principal constraint of this choice involves the 
substantial annual fluctuations of the hydroelectric 
resources. LBL chose a specification that captured 
the main qualitative variations. This choice required 
a re-characterization of the load data which must be 
specified in LMSTM as four typical day-types per 
season. The sensitivity of marginal cost to the pre
cise characterization of the load shape is illustrated 
in Figure 1. This figure shows that a relatively small 
change in the off-peak load shape induces a large 
change in the marginal energy cost is an important 
feature of the PG&E system. 

o 3 6 9 12 15 18 21 24 
source: PGandE and lBl hour 

Figure 1. Extreme example of marginal cost sensitivity to 
load shape inputs-Fall weekend, 1989. (XBL 8612-5016) 
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Detailed calibration tests were conducted for 
three representative years over the simulation period. 
Annual energy production for each resource type was 
compared as well as the annual value for marginal 
energy cost calculated by LMSTM and the detailed 
model. Production by fuel type was within 2% for 
baseload resources. For marginal resources the devi
ations were large, averaging 15%. The results for 
annual energy marginal cost, however, were better. 
The average deviation was 5%. These results are suf
ficiently close for use in strategic planning studies of 
the type envisioned. They are substantial improve
ments over previous efforts of this kind, due largely 
to more accurate specification of system constraints. 

PLANNED ACTIVITIES FOR FY 1987 

In FY 1987, LBL will use the calibrated model 
to evaluate future expansion plans based on large
scale implementation of demand-side programs. 
These programs will emphasize thermal energy 
storage applications and improved efficiency of 
residential appliances and commercial building 
equipment. The value of such programs will be 
estimated by calculating the amount of supply-side 
resources that can be eliminated by implementing 
them. 

SUGGESTED READING 

1. Kahn, E., Pignone, c., and Comnes, A. (1986), 
LMSTM Calibration for Least Cost Planning, 
LBL-22702. 

2. Kahn, E. (1986), Proxy Plant Valuation 
Methods for Demand Side Utility Programs, 
LBL-21525. 



INTERNATIONAL ENERGY STUDIES 

Overview 

The International Energy Studies (IES) Group 
has been involved in research on energy demand 
since 1979. The work of the IES Group focuses on 
two areas: (1) energy demand in the industrialized 
countries; and (2) energy demand in the developing 
countries. The research on industrialized countries 
primarily addresses energy use in buildings, though 
work on the industrial sector is also underway. The 
research on the developing countries looks at 
demand in all sectors and also examines issues of 
energy supply. 

The guiding philosophy of the Group is that 
understanding the evolution of energy demand 
requires careful examination of the structural forces 
that shape demand for energy, as well as the 
economic parameters. We seek to relate changes in 
energy demand to changes in the physical setting for 
energy use, looking in particular at changes in the 
efficiency of each energy end-use. We use comparis
ons of different countries to establish a context for 
understanding the observed patte:ns and for assess
ing trends in energy consumption. 

The IES Group, which consists of scientists of 
different disciplinary backgrounds, is international in 
composition and multi-lingual. Visiting researchers 
from many different countries have been and are 
active participants in IES projects. The Group's 
work is a major activity in the Energy Analysis Pro
gram at LBL. 

ENERGY DEMAND IN DEVELOPING 
COUNTRIES 

Since its beginnings in this area with a study of 
energy use and conservation in Kenya's modern 
economy, the IES Group has expanded its research 
into energy demand in developing countries in four 
continents. In work funded by the U.S. Department 
of Energy and by several major energy companies, 
we have examined trends in energy use and struc
tural change in 20 major energy-consuming develop
ing countries in Asia, Africa, Latin America, and the 
Middle East, which together account for about 80% 
of developing countries' energy consumption. 

The goal of our work is to understand how 
energy demand has changed in response to (often) 
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rapid economic growth and two oil shocks. We 
examine how changes in economic structure, energy
use efficiency, and fuel mix will change demands in 
the future. A particular focus is the extent to which 
the growing demand for oil in the oil-exporting 
developing countries would reduce the amount of oil 
exported. The reduced exports combined with the 
declining production of oil in the U.S. ,would 
increase reliance on oil from the Middle East. " 

In addition to research on energy demand, the 
Group has also been involved in a number of 
evaluations of energy supply options for particular 
developing countries. A new area of work is .'assist
ing the U.S. Agency for International Development 
in developing effective programs to encourage 
expanded deployment of economically viable renew
able energy options, and to better manage the use of 
electricity in developing countries. 

ENERGY DEMAND IN THE 
INDUSTRIALIZED COUNTRIES 

The Group's research on energy demand in the 
industrialized countries provides consistent informa
tion on energy demand in many of the world's larg
est energy-consuming countries as well as a context 
to better understand changes in U.S. energy con
sumption. Beginning with a comparison between the 
U.S. and Sweden, the research has evolved to 
include 9 European countries as well as Japan, the 
U.S., and Canada. 

We developed the first and only data base of 
residential energy use in industrialized countries, 
now used as a reference by the International Energy 
Agency, energy authorities in many countries, and 
major oil companies. We have published several 
overviews of industrialized countries' residential 
energy use, and separate studies of individual coun
tries focusing on the reversibility of oil use and struc
tural change in electricity demand. 

Additionally, we have expanded the work to 
include the service and industrial sectors. Current 
work on the residential sector includes analysis of 
the evolution of gas demand in Europe, development 
of scenarios of future energy demand, and investiga
tion into the impacts of lifestyle changes on future 
household energy use. 



Residential 'Energy Demand In 
Selected OECD Countries: Historic 
Trends and Future Directions* 

A. Ketoff, S. Bartlett, D. Hawk, S. Meyers and 
L. Shipper 

In the first stage of this project we compiled his
torical data on residential energy use for eleven 
Organization for Economic Cooperation and 
Development (OECD) countries-Canada, Denmark, 
France, Germany, Holland, Italy, Japan, Norway, 
Sweden the United Kingdom, and the United 
States-from 1970 to 1984. We present detailed 
statistics on energy consumption as well as on 
related economic and structural activity. In addi
tion, graphical presentations have been included to 
support the data found in the tables. I 

From the above work, we have selected the six 
largest OECD countries-France, Germany, Italy, 
Japan, the United Kingdom, and the United 
States-and have written a comprehensive analysis 
of historical trends in residential energy demand 
from 1973 to 1984. The focus of this report is on 
how and why the demand for different fuels-oil, 
gas, solids, and electricity-has been changing overall 
energy demand. For each major end use (space heat
ing, water heating, cooking, and electric appliances), 
we examine the changes in the consumption for each 
fuel. Structural elements are the characteristics of 
the residential buildings and the energy-using equip
ment in them. Some of the structural changes have 
pushed upward on energy consumption, and others 
have pushed downwards. We also consider 
behavioral changes, i.e., the way people use the 
energy-using equipment. 

We will examine the future directions of residen
tial energy demand. 

ACCOMPLISHMENTS DURING FY 1986 

Energy consumption in the residential sector has 
undergone considerable change in the period since 
1973. Final energy consumption has declined or 
grown moderately in all of the countries (except 
Japan where average growth was 2.4% per year 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings and Communi
ty Systems, and by the Assistant Secretary for Defense Programs, 
Office of the Deputy Assistant Secretary for Intelligence, of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 
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between 1973 and 1984). This occurred despite a 
growth in the number of households of between 1 
and 2% per year during the 1973-83 period. Average 
final energy consumption per home declined the 
most in the U.S. and France. The decline in unit 
consumption was the result of many competing 
forces. In the early 1970s, an increase in the pene
tration of central heating, various appliances, and the 
growth in the number of households pushed upwards 
on energy consumption. In the late 1970s and the 
early 1980s, several trends emerged to counteract 
these forces:. lowering of indoor temperatures, 
increased thermal performance of existing homes, 
improved thermal performance of new homes, and 
the increased efficiency of new electric appliances. In 
addition, the growth in the structural energy inten
sity was slowing. 

In the early 1970s, the introduction of central 
heating systems in Europe caused coal-based heating 
systems to be replaced by other fuels, mainly by 
natural gas. This occurred in the United States in the 
1960s. After the 1973 oil price shock, natural gas 
and electricity displaced oil in the market of new 
heating systems. When energy prices experienced a 
second major increase in 1979 and 1980, fuel switch
ing (from oil to gas and electricity) was accelerated. 

By 1984, with real oil prices stabilizing, the stock 
of houses and the saturation of fuels in them was 
very different from the condition of 1973. The 
structure in European countries was closer to the 
United States than was the case in 1970. 

PLANNED ACTIVITIES FOR FY 1987 

We plan to develop projections of future residen
tial demand for each fuel for 1990 and 2000. The 
basic method involves estimating the number of 
homes and the intensity of use by fuel for each end 
use. We will base our estimates on the historical 
evolution of the above variables and the factors that 
determine them, including the individual country's 
policies towards the promotion of each fuel. 

REFERENCES 

1. Ketoff, A., Bartlett, S., Hawk, D., Meyers, S., 
and Shipper, L. (1986), Evolution of Residential 
Energy Demand in OECD Countries, Part One: 
1970-1984 Data Base, LBL-22267. 



Changing Patterns of Electricity 
Demand in Residences* 

L. Schipper, A. Ketoff, S. Meiers, and D. Hawk 

ACCOMPLISHMENTS DURING FY 1986 

This report explores the major factors that 
shaped household electricity demand in the U.S. and 

. ten other Organisation for Economic Cooperation 
and Development (OECD) countries from 1960 to 
1983. We explain the differences among countries in 
addition to analyzing changes in each country over 
time. Also, we identify important trends abroad that 
may have implications for the use of electricity in 
American homes. I t is structured around a 
"bottom-up analysis" that decomposes electricity 
demand into components representing structure and 
unit consumption for all major uses in homes. 

Demand for electricity grew between 2.9% (U.S.) 
and 9.4% (France) per year during the period from 
1972/3 to 1983. Only in the U.K. did electricity 
consumption decline over this period and at a rate of 
less than 1 % per year. Prior to 1973, electricity con
sumption increased due to growing appliance satura
tion in most countries. In response to the dramatic 
oil price increases in 1973, new homes were 
equipped with electric space and water heaters 
instead of oil-fired equipment. In addition, some 
homeowners converted from oil-fired to electric 
space and water heating. These two trends account 
for most of the growth in electricity use in the mid-
1970's. From 1979 through 1983, demand in many 
countries began to stagnate or even fall. This was 
the result of several competing trends. The market 
for many appliances had become saturated and the 
impact of more efficient electric appliances becam~ 
appreciable by the early 1980's. Similarly, the build
ing shells of new homes built for electric heating 
became increasingly tighter, reducing the average 
consumption for heating. Higher electricity prices 
also induced conservation by families using electri-

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Building Systems Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098, and by the Electric Power Research Institute. 
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city for hot water, heating, cooking, and lighting. 
Demand would have declined more dramatically if 
the electric space heating market hadn't significantly' 
expanded during this period. 

Average growth in residential electricity demand 
over the past twenty years has been higher in Europe 
and Japan than in the United States. This is because 
the penetration of appliances and electric space and 
water heating equipment was significantly higher in 
the U.S. at the beginning of the period. 

In the future, electricity is likely to increase its 
penetration in each end-use market, but each use will 
continue to become more efficient. Increased effi
ciency may encourage greater electricity penetration, 
perhaps balancing the downward effect of increased 
efficiency on total sales. 

The main potential growth areas for residential 
electricity use are space heating, water heating, and 
three major appliances whose saturations are still 
under 50% in most countries: freezers, dishwashers, 
and clothes dryers. Space heating remains the major 
unsaturated market, particularly in the U.S., France, 
and Japan. Although electric heat enjoys an impor
tant role in new construction in these countries, the 
housing turnover rate is slow. In the long run, con
struction of homes with thermally efficient shells and 
the trend toward more multiple family dwellings are 
factors that seem to favor use of electric space heat
ing. New uses such as computers and VCRs are 
likely to play a minor role in increasing electricity 
use in the future because they require little energy to 
function. 

PLANNED ACTIVITIES FOR FY 1987 

We will continue to study residential electricity 
demand and consumption in OECD countries in FY 
1987. 

SUGGESTED READING 

1. Schipper, L., Ketoff, A., Meyers, S., and Hawk, 
D. (1986), Electricity and The Home: An Inter
national Overview a/Trends, LBL-21187. 



Residential Natural Gas Demand in 
Western Europe* 

A. Ketoff, S. Bartlett and 0. Olsent 

This project examines the evolution of natural gas 
demand in the residential sector in seven Western 
European countries from 1970 to 1984. The coun
tries studied are Denmark, France, Germany, Hol
land, Italy, Sweden, and the United Kingdom. The 
analysis focuses on trends in the following deter
minants: consumption, the structure of the dwelling 
stock, and the intensity of use. Trends for each 
major end-use (heating, water heating, and cooking) 
are examined. Changes within each country and the 
differences among countries over that time period 
are explored. 

ACCOMPLISHMENTS DURING FY 1986 

From 1970 to 1984, the demand of natural gas 
grew at an annual average rate of 8.7% for the seven 
countries. Among the countries, growth has varied 
from 7 to 13% in France, Germany, Italy and the 
U.K. Growth was lower in Holland, where the 
market was already saturated, and in Denmark and 
Sweden, where natural gas represents only a small 
fraction of total energy demand. In each country 
(with the exception of Denmark and Sweden) the 
share of natural gas as a fraction of total fuels used 
has increased substantially. (See Fig 1.) Conversions 
from oil-based to gas-based heating have been signi
ficant in five countries (France, Germany, Holland, 
Italy, and the U.K.). In addition, the share of new 
homes that use natural gas in these five countries has 
increased dramatically. The study reveals that the 
intensity of gas systems decreased considerably since 
the early 1970's, even though the increased penetra
tion of central heating systems has somewhat offset 
this trend. In the future, the intensity of natural gas 

·This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings and Communi
ty Systems, and by the Assistant Secretary for Defense Programs, 
Office of the Deputy Assistant Secretary for Intelligence, of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 

t Oystein Olsen is a visiting research fellow at LBL from the Cen
tral Bureau of Statistics, Oslo, Norway. 
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Figure 1. Natural gas share of residential energy use in 
Western European countries. (XBL 871-6) 

use within the home will be limited by the saturation 
of gas central heating, and the effects of improved 
system efficiency and better insulation, but more 
homes will use natural gas, thus increasing demand. 

This work relates to the development of a 
discrete-continuous dynamic-choice model, under
taken during FY 1985-1986, and preliminary runs of 
the model have been successfully completed. 

PLANNED ACTIVITIES FOR FY 1987 

The project will be expanded to include projec
tions of future natural gas demand within each coun
try. 

SUGGESTED READING 

1. Dagsvik, J., Lorentsen, L., Olsen, 0., and 
Strom, S. (1986), Residential Demand for 
Natural Gas: A Dynamic, Discrete-Continuous 
Choice Approach, presented at the IAEE Eighth 
Annual International Conference, Tokyo, 
Japan, North Holland Press (to be published). 



Energy Consumption and Structure of 
the U.S. Residential Sector: 1986 
Update* 

S. Meyers 

Investigation of energy consumption by the U.S. 
residential sector has been part of the international 
resean;:h on residential energy use by the Interna
tional Energy Studies Group for several years. The 
basis of our approach is the belief that changes in 
energy consumption must be looked at in the context 
of changes in the structural setting for that consump
tion. 

ACCOMPLISHMENTS DURING FY 1986 

In FY 1985, we began to put together a 
comprehensive overview of the trends in U.S. 
residential energy consumption in the 1970-1984 
period and the chief structural factors shaping those 
trends. 1 In FY 1986, we completed this work and 
extended it to include energy consumption data for 
1985 and data on household behavior from the 1984 
Residential Energy Consumption Survey (RECS). 

Residential final energy consumption, adjusted 
to normal climate, increased in 1984, but then fell 
slightly in 1985 (see Table 1). The main reason for 
this decrease in 1985 was decline in consumption of 
natural gas. Oil consumption grew by about 6% in 
1985, a response to lower prices, and electricity 
demand increased modestly. 

Energy consumption per household declined in 
1985 after having increased in 1984. The level in 
1985 was about the same as in 1983. It could be 
that the "down-up-down" pattern of demand in the 
1983-85 period, which is a result of reported changes 
in natural gas consumption, is in part due to prob
lems with the statistics. 

Consumption of natural gas per customer in 
1985 was 11 % below the level of 1980. This indica
tor declined to a new low in 1985 after having risen 
in 1984. Consumption of oil per customer (not 
including apartments) was stable in the 1983-85 
period, but did not rise above the level of 1982/83. 
Consumption of electricity per customer was slightly 
higher in 1984 and 1985 than in 1983. 

. *This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Buildings Energy 
Research and Development, Buildings Equipment Division of the 
U.S. Department of Energy, under Contract No. DE-AC03-
76SF00098. 
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Table 1. U.S. residential energy consumption, 
adjusted to approximate normal 
weathe~ (quadrillion Btu). 

Gas 

1980 4.82 
1981 4.77 
1982 4.75 
1983 4.52 
1984 4.76 
1985 4.52 

Oil 

1.58 
1.43 
1.35 
1.23 
1.25 
1.33 

Elec. Wood 

2.43 0.86 
2.51 0.87 
2.52 0.94 
2.54 0.93 
2.67 0.98 
2.71 0.90 

aTotal includes LPG and coal. 

Total 
Finalb 

9.65 
9.53 
9.47 
9.19 
9.63 
9.46 

Final 
per HHc 

119 
116 
113 
110 
113 
109 

bExcludes 50% of wood consumption to account for 
low efficiency of use. 
cMillion Btu. 

The sharp drop in energy consumption in 1980 
and the continued decline through 1983 reflect the 
upsurge in retrofit activity in 1979-80 and lowering 
of indoor temperatures. Retrofit activity slowed in 
1981 and slowed further in 1982, but was by no 
means negligible. The decline and stagnation of 
disposable income in the 1980-82 period probably 
acted to inhibit household spending on retrofit. The 
1984 RECS indicates that the level of retrofit activity 
in 1984 was higher than in 1982; this suggests that 
households were still investing in conservation even 
though energy prices had stabilized. 

The combination of the recession and consider
able growth in the price of natural gas, electricity, 
and (through 1981) oil was strong encouragement for 
a "belt-tightening" response on the part of house
holds in the early 1980s. It appears that winter 
indoor temperatures crept upward in 1982, but the 
1984 RECS indicates that there was little change 
between 1982 and 1984. Given the growth in 
income and stabilizing of natural gas prices, this is 
somewhat surprising, and suggests that households 
may have become comfortable with the heating 
habits developed over the past decade. 

PLANNED ACTIVITIES FOR FY 1987 

In FY 1987, we will incorporate results on 
energy consumption from the 1984 RECS into our 
analysis. 

REFERENCES 

1. Meyers, S. (1986), Energy Consumption and 
Structure of the u.s. Residential Sector: 
Changes Between 1970 and 1984, LBL-21 190. 



Energy Demand in Asian Developing 
Countries* 

J. Sathaye and S. Meyers 

Energy demand in the developing countries of 
Asia grew faster between 1973 and 1983 than in any 
other region except Africa. To better understand the 
future direction of this demand and the mix of fuels, 
we studied energy use by sector in 10 Asian coun
tries: Bangladesh, China, India, Indonesia, S. Korea, 
Malaysia, Pakistan, the Philippines, Taiwan, and 
Thailand. Together, these countries account for over 
90% of energy consumption in Asian developing 
countries. China, with 45% of the combined popula
tion, dominates the regional picture when it is 
included. 

ACCOMPLISHMENTS DURING FY 1986 

Total energy demand of the study countries grew 
at an average of 5.8% per year between 1973 and 
1983 while oil demand averaged 5.4% per year. 
Demand for coal grew at a similar rate,though 
growth was much higher in some countries. Natural 
gas use grew fastest, though· it remains relatively 
insignificant in the overall picture. 

Energy consumption per capita grew at an aver
age rate of 3.8% per year between 1973 and 1983. 
For oil consumption per capita, all of the growth 
came before 1980; consumption per capita rose in 
1983 but was still below the 1979 peak. The fastest 
growth occurred in Indonesia, S. Korea, and Malay
sia. Only in the Philippines was· there negative 
growth. Energy consumption per unit of GDP (in 
1980 US $) was about the same in 1983 as it was in 
1973. It rose somewhat between 1974 and 1979, and 
then fell through 1982. Oil/GDP shows a similar 
trend as energy, though with a bit more decline. The 
oil/GDP ratio was much higher in 1983 than in 1973 
in Indonesia and Pakistan, slightly higher in India 
and Malaysia, and was lower in the other countries. 

Industrial energy consumption per unit of value 
added was slightly higher in 1983 than in 1978. Oil 
intensity in 1983 was 19% below its 1979 level. Oil 
intensity declined in all countries except Indonesia 
and Pakistan. In Bangladesh, Korea, the Philippines, 

*This work was supported in part by the Office of Policy, Plan
ning, and Analysis, of the U.S. Department of Energy under Con
tract No. DE-AC03-76SF00098, and in part by grants from British 
Petroleum, Chevron, CONOCO, Exxon Corporation, Shell Inter
national Petroleum Company, Shell USA, and Statoil. 
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and Thailand, the decline was very large. Substitu
tion of coal and natural gas for oil was the primary 
cause of the decline in oil intensity. Energy conser
vation efforts and the introduction of new, more 
energy-efficient equipment had a strong effect in the 
Philippines, Korea, and Thailand. 

Gasoline and diesel consumption per motor 
vehicle declined by 30% from 1978 to 1983. Growth 
in the share of motorcycles in the vehicle stock 
played a major part in the decline in intensity. The 
number of motorcycles increased at an average rate 
of 15% annually, while that of cars and pickup trucks 
increased at a rate of 9.1 %. Higher fuel prices led to 
less use of vehicles, and the average operating effi
ciency of cars improved in most countries. 

Residential/commercial energy consumption per 
capita was about 16% higher in 1983 than in 1978, 
though there was little growth in 1982 and 1983. Oil 
intensity grew in Korea, India, Malaysia, and 
Taiwan, but declined substantially in Bangladesh, the 
Philippines, and Pakistan. Increased use of oil for 
cooking and growing penetration of electric appli
ances are the main forces behind the growth in 
energy intensity. 

In the power sector, oil consumption per kWh 
generated declined by 25% in the 1978-83 period as 
coal, natural gas, and other sources came into greater 
use. The largest declines were in Taiwan and Thai
land. There was also considerable decline in Korea, 
Bangladesh, and Malaysia. 

Lower oil prices may slow the move away from 
oil and accelerate demand, depending on the extent 
to which they are passed on to consumers. Our esti
mates show final energy demand for the nine coun
tries (excluding China) increasing at an average 
annual rate of 4.1-5.9% between 1983 and 2000, and 
oil demand growing at 3.5-6.2%. Final energy 
demand per capita increases from 0.14 to 0.20-0.28 
TOE. 

PLANNED ACTIVITIES FOR FY 1987 

We will incorporate more recent data from the 
Asian study countries and will assess changes that 
are occurring as a result of.the decline in oil prices. 
For several countries, we will study in detail the 
direction of transportation energy demand. 



Energy Demand in Latin America* 

A. Ghirardi 

Energy demand in Latin America accounts for 
around 40% of total energy use in the Less 
Developed Countries (LDCs). In order to better 
understand the future direction of this demand and 
the mix of fuels, we studied energy use by sector in 
four countries: .. Argentina, Brazil, Mexico, and 
Venezuela. Togeth~r, these countries account for 
around 75% of energy consumption in Latin Amer
ica. 

ACCOMPLISHMENTS DURING FY 1986 

Patterns of energy demand in Latin America 
have been substantially affected by the increases in 
energy prices and the availability of fossil fuel 
reserves. There was a distinct decline of petroleum 
intensity in the post-1979 period due mostly to con
servation and substitution measures, especially in 
Argentina and Brazil. The share of petroleum in pri
mary energy supply fell from 60% in 1970 to 49% in 
1984, while the shares of natural gas and hydroelec
tricity increased from 23 to 25% and from 14 to 22%. 

Per capita energy use in the four-country aggre
gate increased by around 70% from 1970 to 1980, 
and remained stable thereafter. Oil intensity peaked 
in 1980, then fell through 1984. Most of the reduc
tion in petroleum intensity took place in the Argen
tinian and Brazilian industrial and transportation 
sectors. Significant reductions also occurred in 
power generation in Argentina and Venezuela. 

In industry, energy intensity increased, especially 
after the mid-1970s, as a result of the expansion of 
energy-intensive activities. Energy use per unit of 
industrial value added increased by 30%. Industrial 
oil intensity increased up to the mid-1970s, and then 
declined by 33% between 1978 and 1983. The big
gest reductions were achieved in Argentina (through 
substitution with natural gas), and Brazil (by impos
ing quotas on fuel oil use, and providing subsidies 
for coal and electricity as alternative fuels). 

*This work was supported in part by the Assistant Secretary for 
International Affairs and Energy Emergencies, Office of Interna
tional Energy Analysis, of the U.S. Department of Energy, under 
Contract No. DE-AC03-76SFOO098, and in part by grants from 
British Petroleum, Chevron, CONOCO, Exxon Corporation, Shell 
International Petroleum Company, Shell USA, and Statoil of Nor
way. 
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Gasoline plus diesel use per vehicle fell by 50% 
from 1970 to 1984. The decline was largest in Brazil, 
due to the substitution of ethanol for gasoline, and 
smallest in Venezuela, where prices remain much 
below those of the other countries. 

The residential/commercial sector is the only 
one where energy intensity increased in all countries, 
nearly doubling in the period 1970-84. The oil 
intensity also increased steadily due in part to pric
ing policies that protected residential users from the 
oil price increases. 

In power generation, there was strong substitu
tion away from fuel oil and towards hydropower and 
natural gas. Oil use per GWh generated fell by 30% 
from 1970 to 1984. There is evidence that the dec
lining price of petroleum and surpluses of fuel oil are 
having an impact, as hydro projects have been 
delayed in Argentina and Venezuela. Coal and 
nuclear power should continue to playa relatively 
small role in electricity generation. 

The future demand of petroleum fuels is an issue 
for both oil exporters· and importers. For the export
ers, oil is the main source of foreign exchange. With 
low oil prices, Mexico and Venezuela need large 
increases in exports to maintain the necessary inflow 
of foreign exchange. This could provide incentive 
for the formulation of policies fostering conservation 
and substitution in their domestic markets. 

For the oil importers, the decline in petroleum 
intensity observed in 1979-83 may have bottomed
out. Given the substantial decline in the price of 
petroleum, they have much less incentive to con
tinue reducing their oil intensity. Particularly 
vulnerable are the substitution programs based on 
heavy price subsidies to alternative fuels, as in the 
case of electricity and coal in Brazil. Even where 
there are substantial natural gas reserves, it may be 
more attractive to reduce natural gas production and 
use some of the growing fuel oil surplus. 

PLANNED ACTIVITIES FOR FY 1987 

We will incorporate more recent data from the 
study countries and will assess changes that are 
occurring as a result of the decline in oil prices. For 
several countries, we will study in detail the direc
tion of transportation energy demand. 

SUGGESTED READING 

1. Ghirardi, A. (1986), Dynamics of Change in Oil 
and Energy Use in Four Latin-American Coun
tries, LBL-22788. 



Energy Demand in West Africa* 

A. Ghirardi, J. Sathaye, and P. Goering 

This article reports on an overview of the energy 
market in four West African countries: The Ivory 
Coast, Morocco, Nigeria, and Senegal. i Together 
they account for 75% of the total energy use in West 
Africa, 78% of Gross Domestic Product (GDP), and 
76% of population. The purpose of the study is to 
analyze the evolution of energy demand in the con
text of the general socio-economic background of the 
region. The study also examines energy supply, and 
trade related to the energy sector. The analysis 
focuses on the study of commercial fuels. 

The work on demand draws on the energy and 
economic data prepared for the Developing Country 
Data Series, developed by the International Energy 
Studies Group (IES). The data and relevant infor
mation were obtained from local sources during 
visits to each of the four countries surveyed. We 
contacted government offices (ministries and statisti
cal bureaus), academic research institutions, and 
private companies (oil refineries and distributors, 
electric utility companies). The work on supply is 
based on a literature review done by IES2 as well as 
on information from our country contacts. 

ACCOMPLISHMENTS DURING FY 1986 

The commercial energy market in the four 
West-African countries surveyed has two salient 
characteristics: a) it is among the fastest growing in 
the world; b) it is driven primarily by the demo
graphic explosion in urban centers. 

Throughout the 1970s and early 1980s, the 
growth • of energy demand in the region has been fast 
and nearly continuous. The aggregate energy use 
more than doubled from 1974 to 1983, increasing at 
an average annual rate of 10%. During the same 
period, energy use pe! capita grew at an average 5%. 

This work was supported in part by the Assistant Secretary for 
International Affairs and Energy Emergencies, Office of Interna
tional Energy Analysis, U.S. Department of Energy under Con
tract No. DE-AC03-76SF00098, and in part by grants from British 
Petroleum, Chevron, CONOCO, Exxon Corporation, Shell Inter
national Petroleum Company, Shell USA, and Statoil of Norway. 
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Although all countries of the group showed substan
tial growth potential, the most ,dramatic increase in 
energy demand occurred in Nigeria, reflecting the 
abundance of domestic petroleum supply, and the 
relatively low prices of petroleum products. At 
current growth rates, the average per capita energy 
use in West Africa will have doubled by the turn of 
the century. 

Energy resources in the region are adequate, 
although unevenly distributed and developed. 
Although all the countries have refineries, capacity is 
not well adapted to the domestic markets. Demand 
for middle distillates will continue to be higher than 
can be satisfied internally. Nigeria especially has to 
import middle distillates. 

Trade in the region will be hampered by the. 
large foreign debt of all the countries and by balance 
of trade deficits. Morocco and Senegal in particular 
are saddled with huge· debts and economic recovery 
in these countries will be a long slow process. The 
future policies of Nigeria will depend on the interna
tional oil market and on internal politics. Interna
tional aid may be the only source of much needed 
capital for energy sector improvements in the major
ity of countries. 

PLANNED ACTIVITIES FOR FY 1987 

We will continue to update and expand on our 
work in this area in FY 1987. 

REFERENCES 

1. Ghirardi, A., Sathaye, J., and Goering, P. 
(1986), Energy Assessment of Ivory Coast, 
Morocco, Nigeria, and Senegal, LBL-22586. 

2. Kahane, A., and Lawakabamba, S. (1985), 
Energy in West Africa: A Literature Survey, 
IES/LBL, Report to the Energy Research 
Group, International Development and 
Research Centre, Canada. 



Mexico Oil Balance and 
Opportunitie~. for Conservation* 

.' , 

A. KetofJ 

Mexico's abundant oil reserves spurred the 
development of a highly oil-intensive domestic econ
omy. While oil demand continues to grow despite 
the recession of the last four years, the recent drop in 
oil prices-and therefore in export revenues-is lim
iting the country's capacity to invest in new explora
tion. At the same time, the country's need to gen
erate foreign exchange to pay its debt service may 
force an escalation in oil exports. A conflict is 
emerging between Mexico's need to satisfy the 
domestic demand for oil and its need to export oil to 
service the debt. In this context, an oil conservation 
policy appears to be the only viable alternative, 
although its potential will be limited by lack of capi
tal. 

ACCOMPLISHMENTS DURING FY 1986 

The sectoral analysis presented in our report 
identifies unexplored opportunities for energy con
servation and points to the forces that will drive 
future patterns of demand. l Unlike the other Latin 
American countries we have studied, where major 
drops in the intensities occurred in the seventies, 
overall energy and oil intensity in Mexico's indus
trial sector varied only slightly between 1970 and 
1981. Also, unlike Brazil or Venezuela, no substan
tial electrification of the industrial production took 
place, except for steel. This is partially explained by 
the fact that the most electric-intensive industrial 
process, aluminum production, has not been 
developed in Mexico. 

By conducting a sectoral analysis of the most 
oil-intensive economic sectors, we have identified 
the oil sector and the electricity sector as having 
large savings potential. Significant savings can be 
achieved in both sectors through the adoption of co
generation methods in the transformation process. 

This work was supported in part by the Assistant Secretary for 
International Affairs and Energy Emergencies, Office of Interna
tional Energy Analysis, U.S. Department of Energy under Con
tract No. DE-AC03-76SFOO098, and in part by grants from British 
Petroleum, Chevron, CONOCO, Exxon Corporation, Shell Inter
national Petroleum Company, Shell USA, and Statoil of Norway. 

By reducing electricity consumption in the produc
tion of paper, chemicals, and steel, such measures 
could also generate substantial savings in oil con
sumption. 

While the recession forced a 50% decrease in real 
wages, forcing marked reductions in the demand for 
cars, housing, and appliances, and thus reducing oil 
consumption in the transportation and residential 
sectors, demand growth is expected to resume in 
both sectors although at a lower pace. To prevent a 
re-emergence of the wasteful patterns that character
ized the expansion period, it is important that efforts 
be made to channel demand in these sectors to 
energy efficient products. 

The prolonged recession has prevented Mexico 
from investing in exploration and production activi
ties, freezing production capacities at 1982 levels. At 
the same time, lack of investment in all industrial 
sectors prohibited the emergence of any new and 
vigorous industry capable of complementing the oil 
sector's export potential. With the current drop in 
international oil prices, the conservation actions 
identified here appear to be the only ~lternative to 
more severe measures limiting the recovery potential 
of the country. 

PLANNED ACTIVITIES FOR FY 1987 

Mexico supplied over 700 thousand barrels a day 
of oil to the U,S. in 1986. Its importance will 
increase in the future as the U.S. dependence on oil 

. from the Middle Eastern countries rises. Mexico's 
internal demand for oil will then pose a major obsta
cle in U.S; attempts to import a larger share of oil 
from that country. During FY 1987, we plan to 
analyze the potential for curbing the internal demand 
for oil in Mexico and its implications for reducing 
the U.S. vulnerability to disruptions in oil supply. 
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1. Ketoff, A., and Schiorring, E. (1986), Mexico 
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Renewable Energy Sources in Less 
Developed Countries* 

J. A. Sathaye 

In November 1984, the Agency for International 
Development (AID) Administrator called for a criti
cal assessment of AID's renewable energy activities. 
He outlined the objectives of the assessments as: 

l. To assess priority applications of renew
able energy technologies, with emphasis on 
productive uses in agriculture and rural 
industry. 

2. To recommend development and applica
tion of those renewable systems which, 
when compared with alternatives, are the 
least-cost, site-specific solutions for supply
ing energy needs. 

3. To suggest means of developing local 
private sector capability to market, 
manufacture, and maintain the most 
promising energy systems and to involve 
the private sector at an early stage in AID 
projects. 

ACCOMPLISHMENTS DURING FY 1986 

Responding to the above objectives, AID InI

tiated a new Renewable Energy Applications and 
Training Project (REA T). An interim report was to 
be prepared for the Administrator in FY 1986 and a 
final report inFY 1987. LBL collaborated with Oak 
Ridge National Laboratory in the preparation of this 
interim report during FY 1986. The findings of this 
report are summarized below. 

A decade ago, renewable energy sources-solar 
energy, biomass, and small hydropower, among 
others-seemed the solution to many energy prob
lems for developing countries. These resources 
offered ways to use indigenous energy supplies in 
place of expensive imported oil at scales appropriate 
to local needs as part of a world-wide movement to 
replace shrinking fossil fuels with sustainable 
sources of energy. 

Many technologies, still experimental in the 
mid-1970s, have been shown to perform reliably. 

*This work was supported by Oak Ridge National Laboratory, 
through the U.S. Department of Energy, under Contract No. DE
AC03-76SF00098. 
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However, many problems resulted in the rush to 
exploit new and renewable energy sources. Some 
technologies were widely promoted in developing 
countries prior even to their adoption in the 
developed countries. The lack of experience of tech
nology developers resulted in unsuccessful projects in 
the unfamiliar physical and social environment and 
often harsher political climate. Matching technolo
gies to end-uses and understanding the priorities of 
users, two factors central to the success of renewable 
projects were often ignored in the haste to design 
and implement projects. In recognition of this 
experience, the reassessment of renewables will help 
clarify lessons learned and establish new directions 
for AID to follow. 

The initial findings of the reassessment are that 
certain renewable energy options, including hydro
power, solar photovoltaics in specific uses, direct 
combustion of biomass, and wind for mechanical 
power are proven technically and economically 
viable. Projects were most successful when they 
incorporated potential local manufacturers and users 
in design and application, stressed commercial via
bility via economic competitiveness with alterna
tives, and used proven technology. Decentralized 
hydro-power, biomass energy for power and non
power purposes, and photovoltaics in specialized 
uses, all can effectively support rural development, 
reduce energy costs and effectively meet energy 
needs of the rural poor. Good project design and 
execution, including prior evaluation of needs, adap
tation to the local economic, social and geographic 
circumstances; and favorable government policy, are 
as important as soundness of technology. 

PLANNED ACTIVITIES FOR FY 1987 

The final report, to be completed in FY 1987, 
will refine and expand the lessons learned. Further 
examples will be presented and supported with 
detailed analyses. The report will recommend stra
tegies for AID decision-making. These may include 
guidelines for determining needs which might benefit 
from energy sector interventions and for evaluating 
alternatives, an initial set of country and regional 
energy sector projects which complement mission 
and country development strategy, and guidelines for 
AID missions regarding renewable energy project 
management. 



RESOURCE MARKET MECHANISMS 

Overview 

The Resource Market Mechanisms group 
analyzes and conducts research on the methods used 
for the transfer of natural resources, particularly the 
transfer, by means of formal competitive auctions, 
from government to the private sector as well as on 
broader energy policy issues. 

The following article contains a description of an 
analysis of the use of negotiations instead of auctions 
for the sale by the federal government of "captive" 
coal tracts. In the recent past, there have been stu
dies of federal lumber auction formats, of issues in 
oil leasing, and of the use of auctions by the State of 

Analysis of Options for Coal-Lease 
Sale Negotiations* 

M.H. Rothkopf and C.B. McGuiret 

The Commission on Fair Market Value Policy 
for Federal Coal Leasing recommended that the 
government have authority to negotiate a fair price 
for coal leases when competitive bids cannot be 
obtained. 

ACCOMPLISHMENTS DURING FY 1986 

In FY 1986, we completed a report that analyzes 
the choices the government faces in designing a coal 
lease sale mechanism. It considers the impact of the 
alternatives on e~onomic efficiency, government 
revenue, administrative workability, fairness and the 
appearance of fairnes~. 

*This work was supported by the U.S. Department of Interior, 
Bureau of Land Management, under contracts with Dames and 
Moore and the U.S. Department of Energy, under Contract No. 
DE-AC03-76SF00098. 
t Affiliated Faculty, LBL, and Professor, Graduate School of Pub
lic Policy, University of California, Berkeley. 
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California. There has also been modelling in support 
of natural gas deregulation policy analysis. 

We are currently undertaking a study to evaluate 
alternative ways for electric utilities to conduct auc
tions for the purchase of cogeneration power. This 
study is also considering the issues that would arise 
if broadening cogeneration auctions to include any 
new source of power generation was used as a means 
of deregulating power generation. There is also 
underway a theoretical analysis of auctions with 
withdrawable bids. In addition, as part of a program 
of studies in support of the analysis of energy emer
gency policies, we are undertaking a reassessment of 
U.S. energy vulnerability in the 1990's. 

The report concludes that there are advantageous 
ways for the government to negotiate coal leases 
when there is only one serious potential bidder for a 
lease. First, the report notes the advantages of nego
tiating exchanges that leave the government with 
economically logical potentially minable tracts. It 
also notes the advantages of negotiating shares for 
the "cooperative leasing" by auction of such tracts. 

For other one bidder tracts, the report concludes 
that there are potential advantages to lease negotia
tion provided that: 

1) all negotiations are tentative subject to 
"validation" of their one bidder nature in 
a post-negotiation formal sale process, 

2) the government negotiate on more leases 
than it will conclude, using whenever pos
sible, a "round-robin" negotiation pro
cedure, 

3) government employees and not indepen
dent agents negotiate for the government, 
and 

4) negotiations are narrowly confined to the 
amount of bonus. 

The report also suggests that the government may 
wish to consider use of final-offer arbitration on 
those leases, such as bypasses, on which both the 
government and the private party have high interest 
in reaching an agreement. Figure 1 illustrates a 
potential decision sequence developed in the report. 



Will there be more than one 
serious bidder for this tract? 

no 

Is the tract appropriate for 
economically logical unit 
share or exchange negotia
tlons? 

in sale completion? 

no 

Is there now or will there 
soon be enough local tracts 
for round·robin negotiations? 

no 

Do both the government and 
the potential bidder have 
high interest in prompt sale 
of tract? 

no 

yes 

yes 

yes 

yes 

yes 

Hold competitive sale 

Attempt to negotiate eco
nomically logical unit 
shares or exchanges; if 
successful. sell economical
ly logical unit competitively 

Hold competitive sale 

Hold round-robin negotia
tions; validate successful 
deals competitively 

Enter negotiations; if dead
locked. consider final-offer 
arbitration; validate any 
deal competitively 

yes Enter stand alone negotia
tion; jf successful. validate 
competitively 

Figure 1. Potential decision sequence for selecting a sale 
mechanism for a coal tract (XBL-86 I 1-9695) 

The report identifies several issues worthy of 
further study. 

The government, in arranging coal leases, has 
several different and sometimes conflicting objec
tives. The government wants to promote economic 
efficiency. In particular, it wants to lease the coal 
that is most economic to develop to the party and 
under the terms that will lead to its most efficient 
development. Within the range of prices that could 
be considered a fair market value, the government 
would prefer to collect more rather than less revenue 
in return for its asset. The government would like 
the leasing system to be fair to all interested parties 
and to avoid it even appearing unfair. Finally, the 
government is concerned that the leasing process 
itself be inexpensive and administratively workable. 
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For these reasons, we examine various approaches to 
negotiating coal leases and conditions under which 
they might outperform auctions with respect to some 
or all of these criteria. 

Overall, we conclude that it IS to the 
government's advantage that: 

• coal lease negotiations be considered in 
apparent one bidder situations only, 

• the Bureau of Land Management (BLM) 
encourage exchanges that will give it an 
economically logical potential mine that 
can then be sold competitively, 

• the BLM negotiate shares of economically 
logical potential mine that can then be sold 
competitively, 

• if the BLM has unusually precise 
knowledge of the fair market value of a 
tract, and a relatively low interest in sale 
completion, it offer the tract for lease com
petitively, 

• all negotiations of coal leases be tentative, 
subject to a post-negotiation formal sale, 
and that in such sales, the negotiated terms 
be known and the company with which 
they were negotiated be barred from 
improving them, 

• when several captive tracts in an area are 
available to be leased within a reasonable 
time period, the BLM use some form of 
round-robin negotiations and lease only 
some of them, 

• when both parties have a high interest in 
the sale of a lease, the BLM negotiate and 
consider resort to final-offer arbitration, 

• in all other captive tract situations, if the 
BLM is prepared to negotiate, it do so with 
the expectation that a substantial percen
tage of negotiations will fail, 

• the BLM use employees and not agents to 
negotiate, and 

• the BLM use negotiation fees only if it can 
be sure no moral obligation to complete a 
deal is created and that, if it does use such 
fees, it not refund or credit them. 

In addition, we believe that the BLM could 
benefit from further study of the best form of post
negotiation formal sale to use, the employee skills 
required for negotiating and the appropriate use of 
consultants to supplement them, the relative advan
tages of exchanges and cooperative leasing, the use of 
round-robin negotiations including the preferable 
form, the minimum number of tracts needed, and 
the percentage of coal in such negotiations the BLM 



should attempt to lease. The BLM should also study 
the· use of final-offer arbitration, the trade-off 
between the percentage of lease negotiations that fail 
and the percentage of economic rent the BLM will 
receive, where along this trade-off the BLM should 
attempt to fall, the precise criteria for the selection of 
different lease sale mechanisms, and the advantages 
and disadvantages of BLM revealing its value esti
mates under various circumstances. 

PLANNED ACTIVITIES FOR FY 1987 

This research has been concluded and no further 
activities are planned. 

SUGGESTED READING 

I. Rothkopf, M. and McGuire, C.B. (1986), 
Assessment of Negotiation Options for Coal-
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Methodology for Two Tools, Y.J. Huang, Bruce 
Dickinson, Chean Hsui, Arthur Rosenfeld, and 
Barbara Wagner, Proceedings of ACEEE 1984 
Summer Study on Energy Efficiency in B~ildings, 
Santa Cruz, California, August, 1984 March, 1985 

LBL-I8398 
Effects of Occupant Issues on the Energy Perfor
mance of Two Existing Passive Commercial Build
ings, Brandt Andersson, Min Kantrowitz, Patrick 
Albrand, Tom Webster, Mari Adegran, and Ronald 
Kammerud, 19,85" 

LBL-18085 ' 
Saving Energy the Easy Way: An Analysis of 
Thermostat ,'Ma'nagement, Ed Vine, Energy-The 
International Journal, 1985 

LBL-I6343 
Affordable Hou8ing Through Energy Con8ervation: 
A Guide to De8igning and Con8tructing Energy 
Efficient Home8, Data Base for Residential Build
ing Energy Analysis, Y.J. Huang, Ronald L. 
Ritschard, Isaac Turiel, D. Wilson, Gleb Verzhbin
sky, Stephen Byrne, Linda Chang, and Chean 
Hsui,1985 

LBL-I6342 
Affordable Housing Through Energy Conservation: 
A Guide to Designing and Constructing Energy 
Efficient Homes Technical Support Program: 
Methodologies and Assumptions for the Evaluation 
of Heating and Cooling Energy Requirements in 
New Single-Family Residential Buildings, Y.J. 
Huang, Ronald L. Ritschard, Stephen Byrne, Isaac 
Turiel, Debbie Wilson, Gleb Verzhbinsky, Dave 
Foley, Linda Chang, and Chean Hsui, 1985 

LBL-14116 
Heating Energy Use Management in Residential 
Buildings by Temperature Control, John Ingersoll, 
and Y.J. Huang, Energy and Buildings, 8, 27-35, 
1985 

1984 

LBL-15628 
Office Worker Response to Lighting and ·Daylight
ing 'Issues in Workspace Environments: A Pilot 
Survey, Ed' Vine, Eliyahu Ne'eman, and Glenn 
Sweitzer, Energy and Buildings, 6:2, 159-172, 1984 

LBL-15183 
Energy Efficiency in Chinese Apartment Buildings: 
Parametric Analysis with the DOE-2.1A Computer 
Program, Y.J. Huang, Arthur Rosenfeld, A. Canho 
de Piedade, and D. Tseng, Energy-The Interna
tional Journal, 9:11-12, 979-997, 1984 

LBL-I8331 
Experimental Evaluation of Variable Area, Light
Reflecting Assemblies, T.C. Howard, Wayne Place, 
Brandt Andersson, John Thornton, Fred Bauman, 
Ronald Kammerud, William Carroll, Michael 
Wahlig, and Patrick Albrand, Passive Solar 

Journal, 1984 

LBL-18069 
Effects of Daylighting Options on the Energy Per
formance of Two Existing Passive Commercial 
Buildings, Brandt Andersson, Mari Adegran, Tom 
Webster, Wayne Place, Ronald Kammerud, and 
Patrick Albrand, Proceedings, Solar Buildings, 
March, 1985, and Proceedings of 1984 ACEEE 
Summer Study on Energy Efficiency in Buildings, 
Santa Cruz, California, August, 1984 

LBL-17562 
Total Building Impacts of South-Facing Roof Aper
tures, Brandt Andersson, Mari Adegran, Tom 
Webster, Ronald Kammerud, and Patrick Albrand, 
Proceedings, Windows in Building Design and 
Maintenance, June, 1984 

Buildings Energy Data 

1986 

LBL-22921 
Measured Performance 'of Cool Storage in Build
ings: Summary of Initial Analysis, Edward Wyatt 
and Olivier de la Moriniere, presented at the 
ACEEE Summer Conference, Santa Cruz, Ca., 
August 1986. 

LBL-22689 
Use of Energy Management Systems for Perfor
mance Monitoring of Industrial Load-Shaping 
Measures, Hashem Akbari, Anibal Almeida (Univ. 
of Coimbra, Portugal), Deborah Connell, Jeffrey 
Harris, and Mashuri Warren. 

LBL-22688 
Energy Savings in Retrofitted Multi-Family Build
ings: New Results from the BECA-B Project, 
Charles A. Goldman and Kathleen M. Greely, 
presented at the ACEEE Summer Study, Santa 
Cruz, Ca., August 1986. 

LBL-21894 
A Comparison of Measured End-Use Consumption 
for 12 Energy-Efficient New Commercial Buildings, 
Mary-Ann Piette, presented at the 1986 ACEEE 
Summer Study, Santa Cruz, Ca., August 17-23, 
1986. 

LBL-21893 
Undoing Uncomfortable Summer Heat Islands Can 
Save Gigawatts of Peak Power, Hashem Akbari, 
Haider Taha, Joe Huang, and Arthur Rosenfeld. 

LBL-21892 
Energy Management Systems as a Source of Build
ing Energy Performance Data, Patrick Le Coniac, 
Denise Flora, and Hashem Akbari, presented at the 
1986 ACEEE Summer Study, Santa Cruz, Ca., 
August 17-23, 1986. 

LBL-21886 
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Analyzing Energy Conservation Retrofits in Public 
Housing: Savings, Cost-Effectiveness, and Policy 
Implications, Kathleen M. Greely, Charles A. 



Goldman, and Ronald L. Ritschard, presented at 
the ACEEE Summer Study, Santa Cruz, Ca., 
August 1986. 

LBL-21741. 
Financial Impact8 of Energy Con8ervation Inve8t
ment in Public Housing, E. Mills, R.L. Ritschard, 
and C.A. Goldman, presented at the ACEEE 1986 
Summer Study, Santa Cruz, Ca., August 1986. 

LBL-21094 
Energy Management System8: An Emerging 
Method to Obtain Building Energy Performance 
Data, D. Flora, P. Le Coniac, H. Akbari, presented 
at the Energy Management Conference, March 4-6, 
1986, Los Angeles. 

LBL-21041 
Energy Management System8 in Large Commercial 
Building-Monitoring and Control Capabilitie8, H. 
Akbari, M. Warren, and J. P. Harris, presented at 
PG&E Exposition, March 1986. 

LBL-20950 
Mea8ured Re8ult8 of Energy Conservation Retrofits 
in Residential Buildings, C. A. Goldman, ASHRAE 
Transactions, 92:1, 1986. 

LBL-20896 
Energy U8e and Peak Power for New Commercial 
Buildings from the BECA-CN Data Compilation: 
Key Findings and Issue8, Mary-Ann Piette and 
Rosemary Riley, presented at the 13th Energy 
Technology Conference, Washington, D.C., March 
1986. 

LBL-20894 
Supply Curve8 of Con8erved Energy: A Tool for 
Least-C08t Energy AnalY8i8, Alan Meier and 
Anthony Usibelli, Proceedings of the Energy Tech
nology Conference, Washington, D.C., March 17-
19, 1986. 

LBL-20874 
Mea8ured Energy Savings in Retrofitted Multifam
ily Building8, C. A. Goldman and K. M. Greely, 
presented at 13th Energy Technology Conference, 
Washington, D.C., January 1986. 

LBL-17994 
Energy Conservation in Public Housing: A Case 
Study of The San Francisco Authority, C.A. Gold
man and R.L. Ritschard, Energy and Building8, 
9:2, 1986. 

1985 

LBL-21217 
A Comparison of Weather Normalization Tech
niques for Commercial Building Energy Use, 
Joseph H. Eto, presented at the ASHRAE/BTECC 
Conference, Clearwater Beach, Fl., December 2-5, 
1985. 

LBL-20620 
Impact of Tax Reform on Renewable Energy and 
Cogeneration Projects, E. Kahn and C. Goldman, 
November 1985. 

LBL-20221 
Residential Energy Simulations in the Pacific 
Northwest: A Comparison of Four Widely Used 

Models, Hashem Akbari, Craig Conner, Anthony 
Usibelli. 

LBL-19914 
Characterizing the Effects of Weather on Commer
cial Building Energy Use, August 1985, J.H. Eto, 
presented at the Building Energy Simulation 
Conference, Seattle, WA, August 21-22, 1985. 

LBL-19413 
Measured Energy Performance of Energy-Efficient 
New Commercial Buildings: Results from the 
BECA-CN Data Compilation, M.A. Piette, L.W. 
Wall, and B.L. Gardiner, submitted for review to 
ASHRAE Journal, April 1985 

LBL-19912 
Cooling Strategies Ba8ed on Indicator8 of Thermal 
Storage in Commercial Building Ma88, J.H. Eto, 
presented at the Second Annual Symposium 
Improving Building Energy Efficiency in Hot and 
Humid Climates, Texas A&M University, Texas, 
September 24-26, 1985. 

LBL-19348 
Monitored Energy Performance of New and 
Retrofitted Residential Buildings: Results from the 
"BECA" Dala Base, J.P. Harris, June 1985, 
presented at the conference on "Energy Manage
ment and the Consumer," Versailles, France, April 
1985. 

LBL-19294 
The "CAL-BECA" Project, Part 2: Energy
Efficient California Residential Sub-Divisions, B. 
Heard and S.Y. Chu (U.C. Riverside), C.A. Gold
man and J.F. Busch, prepared for the University
wide Energy Restarch Group and California 
Energy Commission, February 1985. 

LBL-19293 
Energy-Efficient New' Commercial Buildings in the 
Northwe8t Region: A Compilation of Measured 
Data, M. A. Piette and D. Flora (Buildings Energy 
Data Group), and S. Crowder (Battelle Pacific 
Northwest Laboratory), prepared for the Bonne
ville Power Administration, Portland, OR, March 
1985. 

LBL-19244 
The "CAL-BECA" Project, Part 1: New Califor
nia Nonre8idential Buildings, B.L. Gardiner, 
prepared for the California Energy Commission 
and Universitywide Energy Research Group, April 
1985. 

LBL-19212 
Implications of Office Building Thermal Mass and 
Multi-day Temperature Profiles for Cooling Stra
tegies, J.H. Eto and G. Powell, August 1985, to be 
pu blished in the Proceedings of 1985 
ASME/AICHE National Heat Transfer Conference, 
Denver, CO, August 4-7, 1985. 

LBL-18543 
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Commercial-Sector Conservation Technologies, A. 
Usibelli, S. Greenberg, M. Meal, and A. Mitchell 
(Buildings Energy Data Group), R. Johnson, G. 
Sweitzer, F. Rubinstein, and D. Arasteh (Windows 
and Daylighting Group), prepared for: Pacific Gas 
and Electric Company, San Francisco, CA, and 
Southern California Edison Company, Rosemead, 



CA, February 1985. 

LBL-18306 
Monitored Performance of New, Low-Energy 
Homes: Updated Results from the BECA-A Data 
Base, J.F. Busch and A.K. Meier, published in the 
1985 ASME Solar Energy Division and ASES 
Engineering Division Annual Meeting, March 25-
W, 1985, Knoxville, TN. 

LBL-17926 
Measured Energy Savings from Residential 
Retrofits: Updated Results from the BECA-B Pro
ject, C.A. Goldman, Energy and Buildings, 8:f, 
137-155, 1985. 

1984 

LBL-18176 
"Commercial Building' Cogeneration Opportuni
ties," in Proceedings of Doing Better: Setting an 
Agenda for the Second Decade, New Commercial 
Buildings, pp. D-203-D-216, ACEEE 1984 Sum
mer Study on Energy Efficiency in Buildings, Santa 
Cruz, CA, August 14-22, 1984. J. Eto, August 
1984. 

LBL-17885 
Measured Energy Savings from Residential 
Retrofits: Updated Results from the BECA-B Pro
ject, C.A. Goldman, May 1984, presented at the 
ACEEE 1984 Summer Study on Energy Efficiency 
in Buildings, Santa Cruz, CA, August 14-22, 1984. 

LBL-17884 
Verifications of Building Energy Use Models: A 
Compilation and Review, B.S. Wagner, May 1984, 
presented at the ACEEE 1984 Summer Study on 
Energy Efficiency in Buildings, Santa Cruz, CA, 
August 14-22, 1984. 

LBL-17883 
Measured Heating Performance of New, Low
Energy Homes: Updated Results from the BECA'A 
Database, J. F. Busch, A. K. Meier, and T. Nagpal, 
May 1984, presented at the ACEEE 1984 Summer 
Study on Energy Efficiency in Buildings, Santa 
Cruz, CA, August 14-22, 1984. 

LBL-17882 
A Summary Report, of BECA-CN: Buildings 
Energy-Use Compilation and Analysis of Energy
Efficient New Commercial Buildings, L.W. Wall, 
M.A. Piette, and J.P. Harris, May 1984, presented 
at the ACEEE 1984 Summer Study on Energy 
Efficiency in Buildings, Santa Cruz, CA, August 
14-22, 1984. 

LBL-17881 
Measured Results of Energy Conservation Retrofits 
in Non-Residential Buildings: An Update of the 
BECA-CR Data Base, B.L. Gardiner, M.A. Piette, 
and J.P. Harris, May 1984, presented at the 
ACEEE 1984 Summer Study on Energy Efficiency 
in Buildings, Santa Cruz, CA, August 14-22, 1984. 

LBL-17880 
Raising the Energy Efficiency of Manufactured 
Housing, E. Mills, May 1984, presented ~t. the 
ACEEE 1984 Summer Study on Energy EffICIency 
in Buildings, Santa Cruz, CA, August 14-22, 1984. 

LBL-17873 
Monitored Energy Use of Residential Water 
Heaters (Buildings Energy-Use Compilation and 
Analysis: Part: D), A. Usibelli, May 1984, 
presented at the ACEEE 1984 Summer Study on 
Energy Efficiency in Buildings, Santa Cruz, CA, 
August 14-22, 1984. 

LBL-17583, 
Measured Electricity Use of Drinking Fountains 
and Water Coolers, A.K. Meier, April 1984. 

LBL-17364 
Comparisons of Predicted and Measured Energy 
Use in Occupied Buildings, B.S. Wagner, ASHRAE 
Transactions, 90:2, 1984. 

LBL-16426 
Energy Efficiency in Commercial Food Service 
Refrigeration: An Assessment of Technical Poten
tial and Data Needs, B.C. O'Regan and S. Green
berg, July 1984. 

LBL-15083 
Results of the Walnut Creek .House Doctor Project, 
B. C. O'Regan, B. S. Wagner, and J. B. Dickinson, 
Energy, 9, 75-85, 1984. 

1983 

LBL-18347 
Measured Results of Energy Conservation in Build
ings: Data Gaps and Recommendations, J.P. Harris 
and A.K. Meier, December 1983. 

LBL-18107 
A Residential Conservation Data Base for the 
Pacific Northwest (Documentation and Ap/;en
dixes), A. Usibelli, B. Gardiner, W. Luhrsen, and 
A. Meier, prepared for the Bonneville Power 
Administration, Portland, OR, November 1983. 

LBL-17088 
Technical Performance and Cost-Effectiveness of 
Conservation Retrofits in Existing U.S. Residential 
Buildings.' Analysis of the BECA-B Data Base, 
C.A. Goldman, Master's Thesis, October 1983. 

LBL-17055 
A Residential Conservation Data Base for the 
Pacific Northwest, A. Usibelli, B. Gardiner, W. 
Luhrsen, and A. Meier, prepared for the Bonneville 
Power Administration, Portland, OR, November 
1983. 

LBL-16669 
Saving Energy in Occupied Buildings: Results from 
the Lawrence Berkeley Laboratory Residential Data 
Bases, C.A. Goldman and B.S. Wagner, September 
1983, presented at the Working Conference on 
Families and Energy.-Coping with Uncertainty, 
Michigan State University, October 9-11, 1983. 

LBL-16121 
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Summary of International Data on Monitored 
Low-Energy Houses: A Compilation and Economic 
Analysis; J.C. Ribot, A.H. Rosenfeld, F. Flouquet, 
and W. Luhrsen, April 1983, presented at the 1983 
International Conference on Earth-Sheltered Build
ings, Sydney, Australia, August 1-10, 1983., 



L8L-15374 
Progress in Energy Efficient Buildings, L.W. Wall 
and A.H. Rosenfeld, December 1982, presented at 
the Association of Energy Engineers, 5th Energy 
Audit Symposium and Productivity Exposition, 
Los Angeles, CA, Feb. 17-18, 1983. 

L8L-15198 
What is the Cost of Conserved Energy to You~, 

Harvard Business Review, Vol. 61 (1), pp. 3&-37, 
Jan.-Feb. 1983, A. Meier. Also published as The 
Cost of Conserved Energy as an Investment Statis
tic, Heating/ Piping/Air Conditioning, pp. 73-77, 
September 1983. 

L8L-14924 
Purchasing Patterns of Energy-Efficient Refrigera
tors and Implied Con8umer Di8count Rates, A. 
Meier and J. Whittier, Energy, Vol. 8, pp. 957-962, 
1983. 

L8L-14914 
Technical IS8ue8 for Building Energy Use Rating8, 
A.H. Rosenfeld and 8.S. Wagner, in proceedings of 
What Works: Documenting Energy Con8ervation 
in Building8, pp. 388-402, ACEEE 1982 Summer 
Study in Energy Efficient 8uildings, Santa Cruz, 
CA, August 1982, March 1983 (revised). 

L8L-14853 
Instrumented Audits,f1 R. Crenshaw, in Proceed
ings of What Works: Documenting Energy Con-
8ervation in Building8, p. 529, ACEEE 1982 Sum
mer Study in Energy Efficient Building8, Santa 
Cruz, CA, Augu8t 1982. 

L8L-14838 
A Summary Report of Building Energy Use Compi
lation and Analysis (BECA) Part V: Validation of 
Energy Analysis Computer Programs, 8.S. Wagner 
and A.H. Rosenfeld, in Proceedings of What 
Works: Documenting Energy Con8ervation in 
Building8, p. 535, ACEEE 1982 Summer Study in 
Energy Efficient 8uildings, Santa Cruz, CA, 
August 1982, January 1983 (revised). 

L8L-14827 
Building Energy U8e Compilation and Analysis 
(BECA) Part C: Conservation Progress in 
Retrofitted Commercial Building8, H. Ross and S. 
Whalen, Energy and Buildings, 25, pp. 171-196, 
1983. 

L8L-14788 
Monitored Low-Energy Houses in North America 
and Europe: A Compilation and Economic' 
Analysis, J.C. Ribot and A.H. Rosenfeld, in 
proceedings of What Works: Documenting Energy 
Conservation in Buildings, pp. 242-256, ACEEE 
1982 Summer Study in Energy Efficient 8uildings, 
Santa Cruz, CA, August 1982, March 1983 
(revised). 

L8L-13385 
Building Energy Use Compilation and Analysis 
(BECA) Part B: Existing North American 
Residential Buildings, L. Wall, C.A. Goldman, 
A.H. Rosenfeld, and G.S. Dutt, Energy and Build
ing8, 5, pp. 151-170, 1983. 

Energy Conservation Policy 

1986 

L81-21598 
The Texa8 Utilitie8 Electric Company: Financial 
Impacts on Utilities of Load Shape Changes Pro
ject, Stage V Summary Report, Joseph Eto, 
Jonathan Koomey, James McMahon, and Peter 
Chan, 1986 

L81-21597 
The Nevada Power Company: Financial Impacts 
on Utilitie8 of Load Shape Change8 Project, Stage 
IV Summary Report, Joseph Eto, Jonathan 
Koomey, James McMahon, and Peter Chan, 1986 

L8L-21525 
Proxy Plant Valuation Method8 for Demand-Side 
Utility Program8, Edward Kahn, May 1986 

L8L-21524 
Valuation of Demand Side Utility Programs, 
Edward Kahn, Joseph Eto, Jon Koomey, James 
McMahon, Peter Chan, and Mark Levine, Proceed
ings of the ACEEE 1986 Summer Study on Energy 
Efficiency in 8uildings, 8, 147-160, 1986 

L81-15304 
The Behavior of the Market for Energy Efficiency 
in Re8idential Appliance8 including Heating and 
Cooling Equipment, Henry Ruderman, Mark 
Levine, and James McMahon, The Energy Journal, 
(accepted for publication Jan. 1987), 1986 

L81-21056 
Stati8tical Indicators of Potential for Electric Util
ity Con8ervation Program8, Winifred Yen-Wood, 
1986 

L81-2062O 
Impact of Tax Reform on Renewable Energy and 
Cogeneration Projects, Edward Kahn and Charles 
Goldman, June, 1986 

L81-20333 
A Study of Aggregation Bias in Estimating the 
Determinants of Market Share for Residential 
Heating e; Cooling, David J. Wood, May, 1986 

L81-20332 
A Review of Assumptions and Analysis in EPRI 
Report EA~9409: "Household Appliance Choice: 
Revision of REEPS Behavioral Models", David J. 
Wood, February, 1986 

L8L-20217 
Parametric Analysis of Impact of Reflective Glaz
ing and Movable Window Insulation on Heating 
and Cooling Loads and Space Conditioning Costs 
in Residential Buildings, Isaac Turiel, Patrick 
Albrand, Y.J. Huang, Ronald L. Ritschard, and D. 
Wilson, Proceedings of ASHRAE/DOE/8TECC 
Conference on Thermal Performance of Exterior 
Envelopes of 8uildings, Clearwater, Florida, 
December, 1985 January, 1986 

L8L-20090 
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Market Share Elasticities for Fuel and Technology 
Choice in Home Heating and Cooling, David 



Wood, Henry Ruderman, and James McMahon, 
February, 1986 

LBL-18622, 
The LBL Residential Energy Model: An Improved 
Policy Analysis Tool, James E. McMahon, Energy 
Systems and Policy, 10:1, September, 1986 

1985 

LBL-21122 
Statistical Indicators of Impacts of Demand-Side 
Programs on Utilities, Winifred Yen-Wood, and 
Mark Levine, 1985 

LBL-21099 
The Effect of Energy Conse'rvation Measures on 
Residential Electricity Demand and Load Shape, 
Henry Ruderman, Mark Levine, and Peter. Chan, 
Presented at ACEEE 1986 Summer Study Confer
ence 1985 

LBL-21098 
The Effect of Conservation Programs on Electric 
Utility Earnings: Results of Two Case Studies, 
Edward Kahn, Chris Pignone, Joseph Eto, James 
McMahon, and Mark Levine, Energy Policy, 1985 

LBL-20307 
Energy in the California Economy: A Computable 
General Equilibrium Model, K.A. Despotakis, and 
A.C. Fisher, June 1985 

LBL-19852 
A Multiyear Plan for the Appliance Standards Re
Evaluation, Mark D. Levine, Jon Koomey, James 
E. McMahon, and Henry Ruderman, June, 1985 

LBL-19752 
The Virginia Electric and Power Company: 
Financial Impacts on Utilities of Load Shape 
Changes Project, Stage III Summary Report, 
Joseph Eto, James McMahon, and Peter Chan, 
1985 

LBL-19751 
The Pacific Gas and Electric Company: Financial 
Impacts on Utilities of Load Shape Changes Pro
ject, Stage II Technical Report, Joseph Eto, James 
McMahon, and Peter Chan, September, 1985 

LBL-19750 
The Detroit Edison Company: Financial Impacts 
on Utilities of Load Shape Changes Project, Stage I 
Technical Report, Chris Pignone, 1985 

LBL-19589 
A Consumer Demand Model for Analyzing the 
Effects of Efficiency Standards on Appliance 
Choice and Residential Energy Consumption, 
Henry Ruderman, May, 1985 

LBL-I8823 
Low-Rise Multi-Family Housing: Prototype 
Development, and Preliminary Energy Analysis, 
Isaac Turiel, Ronald L. Ritschard, D. Wilson, arid 
Patrick Albrand, 1985 

LBL-18698 
The Residential Hourly and Peak Demand Model: 
Description, Validation, and Application to Electric 

Utilities, Gleb Verzhbinsky, Henry Ruderman, and 
Mark D. Levine, 1985 -

LBL-18273 
Patterns of Energy Use in Buildings, Mark Levine, 
Fundamentals of Building Energy Dynamics, Ed. 
Bruce Hunn, 1985 

LBL-17830 
Analysis of Daylighting as a Conservation Strategy 
in Hot Climates: The Development of a Daylight
ing Analysis Tool for Commercial Buildings in 
Singapore, Mark Levine, Isaac Turiel, and Richard 
Curtis, ASEAN Conference on Energy Conserva
tion in Buildings 1985 

1984 

LBL-17903 
Analysis of Federal Appliance Energy Efficiency 
Standards, Mark Levine, James McMahon, Peter 
Chan, and Henry Ruderman, G, 57-70, .Doing 
Better: Setting an Agenda for the Second Decade, 
American Council for an Energy Efficient Econ
omy, Ed. Bruce Hunn November, 1984 

LBL-17889 
Energy Efficiency Choice in the Purchase of 
Residential Appliances, Henry Ruderman, Mark D. 
Levine, and James E. McMahon, ACEEE, August 
1984, ORSA/TIMS Joint National Meeting, San 
Francisco, California, May, 1984, Vol F, 208-218, 
Doing Better: Setting an Agenda for the Second 
Decade, American Council for an Energy Efficient 
Economy 1984 

LBL-17427 
Parametric Energy Analysis in Support of Singa
pore Energy Conservation Standards for Commer
cial Buildings, Isaac Turiel, Mark Levine, and 
Richard Curtis, ASEAN Conference on Energy 
Conservation in Buildings 1984 

LBL-15891 
Simplified Energy Analysis Methodology for Com
mercial Buildings, Isaac Turiel, Richard Boschen, 
Mark Seedall, and Mark Levine, Energy and Build
ings, 6:1, 67-83, 1984 

International Energy Studies 

1986 

LBL-22996 
Energy Consumption and Structure of the U.S. 
Residential Sector: Changes between 1970 and 
1985, Stephen Meyers, 1986 

LBL-22642 
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Residential Energy Demand in Six OECD Coun
tries, Andrea Ketoff, Sarita Bartlett, Dianne Hawk, 
Stephen Meyers, and Lee Schipper, 1986 



LBL-22586 
Energy Assessment oJ the Ivory Coast, Morocco, 
Nigeria, and Senegal, Andre Ghirardi, Jayant 
Sathaye, and Peter Goering, 1986 

LBL-22267 
Evolution of Residential Energy Demand in OECD 
Countries, Part One: 1970-1984 Data Base, Andrea 
Ketoff, Sarita Bartlett, Dianne Hawk, Stephen 
Meyers, and Lee Schipper, March, 1986 

LBL-21803 
Energy Demand in Asian Developing Countries: 
Historical Trends and Future Prospects, Jayant A. 
Sathaye, and Steve Meyers, 1986 

LBL-21406 
Developing Country Energy Data Series: Fuel Use 
and Economic Structure: 1970-1989, Jayant 
Sathaye, Andre Ghirardi, Melchor Guererro, 
Andrea Ketoff, and Lee Schipper, 1986 

LBL-21228 
Argentina: The Challenge oJ Energy Demand 
Management Policies, Andre Ghirardi, and Andrea 
Ketoff, Mexico 1986 

LBL-21227 
Substitution8 oJ Petroleum Products in Brazil: 
Urgent Issues, J.L. Araujo, and Andre Ghirardi, 
Energy Policy, 1986 

LBL-21190 
Energy Consumption and Structure oJ the U.S. 
Re8idential Sector: Change8 between 1970 and 
1984, Stephen Meyers, 1986 

LBL-21187 
Electricity and the Home: An International Over
view oJ Trend8, Lee Schipper, Andrea Ketoff, 
Stephen Meyers, and Diane Hawk, May 1986 

LBL-21186 
Mexico Oil Balance and Opportunities Jor Conser
vation, Andrea Ketoff, and Eva Schiorring, June 
1986 

LBL-21185 
Government Spending Jor Energy Con8ervation 
R&D: A Comparison oJ Selected OECD Countrie8, 
Andrea Ketoff, March 1986 

1985 

LBL-21446 
IES Country Profiles: Venezuela, Andre Ghirardi, 
and Lee Schipper, 1985 

LBL-20427 
Explaining Residential Energy Use by International 
Bottom-Up Compari80ns, Lee Schipper, Andrea 
Ketoff, and Adam Kahane, Annual Review oJ 
Energy, 10, 341-405, 1985 

LBL-20334 
Structure oJ the Coma Cluster of Galaxie8, Lee 
Schipper, September, 1985 

LBL-19443 
Energy Use in the Service Sec/or: An International 
Per8pective, 1. Schipper, S. Meyers, and Andrea 
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Ketoff, Energy Policy, June 1986, 1985 

1984 

LBL-17785 
Oil Conservation: Permanent or Reversibld The 
Example oJ Homes in the OECD, L. Schipper, and 
Andrea Ketoff, Economia delle Fonti di Energia, 
25, Milan, Italy October 1984 Proceedings: Internar 
tional Workshop on Electricity Use in the Service 
Sector, EPRI P-4401 

Resource 
Isms 

Market Mechan-

1986' 

LBL-22501 
Asse88ment oJ Negotiation Option8 for Coal-Lea8e 
Sale8, Michael Rothkopf, and C. Bart McGuire, 
October 1986 

LBL-21234 
Comment on 'Multi-Object Auctions: Sequential 
V8. Simultaneou8 Sale8', Michael Rothkopf, Elmer 
Dougherty, and Marshall Rose, Management Sci
ence, 1986 

1985 

LBL-20643 
Helping the Invi8ible Hand: Government Interven
tion in Energy Market8, Michael Rothkopf, and 
Anthony G. Fisher, 1985 

LBL-20629 
Finding Equilibrium Bidding Strategie8 Jor a Simu
lated Timber Auction, Michael Rothkopf, and 
David Wood, Proceedings of the Winter Simulation 
Conference 1985 

1984 

LBL-17933 
On Joint Bidding and Information Pooling in 
Petroleum LeaBe Auction8, Michael Rothkopf, 1984 

1983 

LBL-16571 
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Comment8 on Proposed Policy on Procedure8 Jor 
Control oJ Skewed Bidding in Natior'al Fore8t 
Timber Sale8, Michael Rothkopf, 1983 
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