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EXECUTIVE SUMMARY 

Although research and development efforts directed toward improving the energy efficiency 
of new buildings arc important for increasing the efficiency of the buildings sector, improve

ments to existing buildings will always be critical because buildings arc used typically for 
periods of over 50 years. The Existing Buildings Research program of the Office of Building 
Technologies within the Conservation and Renewable Energy Program ofthc U.S. Department 
of Energy has continued over the past several years to advance capabilities in the United States 
for improving the delivery of energy efficiency technologies to buildings. The importance of 
encrgv savings for existing buildings is highlighted by the buildings energy conservation record. . 
over the period 1972-1986, where available data indicate that improvements to existing 
buildings have led to a contribution five times as large as that from new buildings to the increase 
in energy efficiency of the buildings sector (sec pp 5-6). Continued improvement in buildings 
sector energy efficiency may require increased emphasis on existing buildings. 

Energy technologies arc continually evolving and arc ~ntroduced somewhat continuously. 

Since buildings typically have lives lougcr than 50 years and improved building energy 
efficiency technologies do not come in batches, existing bUll dings must continua!Zv be improved 
to achieve accelerated progress in energy efficiency in the buildings sector. Introduction of 
improved technologies will occur over an unacceptably long time if existing buildings arc not 
a major thrust of any national energy efficiency im provcment program directed at buildings. 

Global climate change, especially global wanning, has become a major issue related to energy 
use. Existing buildings account for about 35% of the total energy usc in the United States and 
about 10% of total global energy use. Since the contributions to global warming arc approxi
mated by energy use, existing buildings in the United States have a potentially important impact 
on global warming issues. 

The Existing Buildings Research program has contributed to significant improvements in 

energy efficiency of existing buildings by development of improvements to retrofit technolo
gies, by coordinating and conducting research studies on the use of energy efficiency technolo
gies (to reduce barriers and increase usc), and by continually evaluating changes in technologies 

that could improve and maintain buildings energy efficiency. This Research Update summa
rizes these contributions for the years 1989-1991. 

' 

The program seeks to support the increase in energy efficiency of the existing building stock 

by focusing on four technical objectives: 

o Provide reliable data on retrofit performance and \he means of collecting such 
data and maintain the national capability for analyzing and updating retrofit 
performance data 

.-.. Evaluate technologies for retrofit energy savings potential and assist in the 

development of attractive retrofit technologies 
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® 	 Measure and analyze the influence of human and other factors on the 

effectiveness of retrofits and post-retrofit operations and maintenance 


0 	 Make the results of research on existing buildings widely available to the 

building efficiency industry through participation with national networks and 

other technology transfer activities 


Research is conducted on single family, mu~tifamily, and commercial (including institutional) 
buildings. The program also conducts activities across sectors to further the technical objec
tives. Tite summary of results will be presented first by major cross-cutting activity and then 
by building sector. 

DOE COMPETITIVE SOLICITATION 

In 1989, DOE issued a broad competitive solicitation to develop coor,:rative, cost-shared 
projects in order to promote collaboration between the buildings industry and the DOE National 
Laboratories. The solicitation offered financial as well as technical assistance. The areas of 
research interest listed in the solicitation were: 

0 	 D:.;velopment of educational programs and delivery systems which increase 

energy efficiency awareness and achievement of energy savings. 


® 	 Field monitoring ofthe efficacy of single or combined retrofit measures. 

Cil Development of tools or methods to diagnose energy use i!1 buildings, building 
equipment, or operations and maintenance. 

"' 	 Development of non-proprietary models that accurately predict building energy 

use and savings due to retrofit measures. 


,., 	 Innovative and effective methods of technology transfer. 

~:t 	 Documentation of energy savings in existing buildings. 

The response was excellent. There were 104 proposals received from 80 organizations, and 
the research topics proposed confirmed our previous determination of the types of research and 
information that arc needed to overcome barriers to retrofit actions. Ten proposals were 
accepted, and the work on most of these bega11 in 1991. 

ENERGY MONITORING PROTOCOLS 

Energy (and power) monitoring in buildings is conducted for utility pianning, assessing the 
efficiency of building energy systems (new building perfonnance, baseline perfonn311ce, evalu
ation of retrofits), systems development (HVA C, lighting, controls, etc.), tracking pcrfonnance, 
assessing pubiic policy, and diagnosing spcciL~ problems in buildings, While the range of 
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issues raised for these various purposes is diverse, a common challenge is obtaining accurate, 
reliable, and cost-effective performance data that meets information needs 

Protocols consist of experimental plans, specifications, and procedures for various field 
monitoring activities that arc generally usdul to others as models and examples of accepted 
practice. The focus is on methods and procedures for monitoring, as opposed to the selection 
and use ofhardware. J.n general, monitoring protocols are being advanced to serve as examples 
of good practice, to improve communication of the experimental design of specific projects, to 
achieve more unifonnity in the development and documentation of monitoring projects, and to 
improve communication by usc of a classification system. 

The Existing Buildings program has participated in the development of monitoring protocols 
and made major contributions over several years. Protocols have been developed specifically 
for monitoring energy savings in field studies of energy retrofits in single family, multifamily, 
and commercial buildings. Parti·~ipation in the ASHRAE Technical Committee 9.6 Subcom
mittee on Building Energy Monitoring has made a significant contribution to the completion of 
a chapter on this topic for theASHRAE Handbook (1991 Applications volume). Within ASTM, 
a new standard for monitoring energy use in residential buildings has been approved, Standard 
Practice for Speczjying Data for Evaluation ofEnergy Used in Residential Buildings, E 1410, 
and is now available. A standard guide for designing energy monitoring projects in commercial 
buildings is in the balloting stage now. The Existing Buildings program has made significant 
contributions to energy monitoring procedures, and important knowledge is being added to the 
publications of national standards organizations. 

DEVELOPMENT OF IMPROVED TOOLS 

A large perc-;ntage of existing building air conditioners, heat pumps, and chillers operate at 
low efficiency and reduced capacity due to a variety of problems. One common problem is 
improper refrigerant charge, c<1used either by leaks in the system or improper charging when 
installed. For one system tested at ORNL, a 26% reduction in refrigerant charge caused a 23% 
loss of efficiency and a 31% loss of capacity. 

The program has been studying whether measurement ofelectric current outside the compres
sor can be used as a diagncstic tool to identify equipment with low refrigerant charge. One 
electric current measurement parameter has been found that indicates refrigerant charge and is 
insensitive to variations of temperature, voltage, and evaporator air flow. Tests to tc arc 
encouraging anJ continue to support the technical feasibility of developing a simple diagnostic 
tool to indicate low refrigerant charsc in air conditioners. 

Ducted forced-air heating systems arc an important thcmul distribution system in buildings. 
Duct systems were examined in a study in the Pacific Nortlnv::st. Field data on duct losses was 
sparse prior to this project. The economics of retrofitting ducts C\ftcr construction was not well 
understood. TI1c objective of this project was to assess the energy impact and economics of 
duct losses and to test techniques for measuring and locating duct leakage. 
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The study showed that, for comparable homes, ducted homes have 12-26% more air leakage 
than homes without duct systems and heating energy usc per square foot ofheated area ofdue ted 
houses is 13-40% higher than for unducted houses. The studies also indicated that duct leakage 
is highly variable. Ten percent of the houses showed no significant leakage while I0% showed 
severe leakage. On average, duct leakage reduced heating system efficiency by 12%. Using 
present techniques, about one quarter of the dt:ct leakage could be located and repaired. 
Estimates of energy savings from duct repairs averaged 375 kWh/year, which led to a simple 
payback of about four yeJ.rs. 

A flexible, public domain methodology was developed for estimating financial indicators for 
alternative HVAC equipment in commercial buildings. It is based on simulation ofthe building 
hourly energy use, and it allows for many economic parameters, among which arc detailed utility 
rate structures, energy escalation rates, inflation rates, and loan expenses. The methodology can 
also be applied to single family and commercial buildings, and technologies other than HVAC 
technologies can also be analyzed. 

All the programs used in the methodology are public domain routines. In this investigation, 
pe:rsonal computers were used or could be used to run all the programs. These programs are 
flexible and can be changed relatively easily. 

SINGLE FAMILY FIELD DEMONSTRATIONS 

Energy consumption data on a nriety of single family energy retrofit projects have been 
collected over the years, and many have reported consid~rable scatter in the effectiveness of 
retrofits. This scatter leads to uncertainty about reasonable approaches to improving energy 
efficiency through retrofits, and the uncertainty leads to distrust by consumers about energy 
retrofits. The single family research program has conducted research, development, and 
demonstration efforts in a number of areas to begin to address the unce1tainties about energy 
retrofits in single family buildings. These activities have supported widespread and growing 
improvements in public and private sector skills for putting energy retrofits in place in the single 
family building stock. 

A cost-shared, cooperative field test was performed in 89 houses in Buffalo, New York, to 

verify the energy savings and program improvements achieved from use of an advanced 
residential energy conservation measure (ECM) selection technique in conservation programs. 
The technique is a commercially available, proprietary audit program that is based on a prototype 
developed originally under the Existing Buildings program. 

The study results showed that use ofa measure selection technique to select unique ECMs for 
individual houses resulted in a significant cost-c:ffective level of energy savings. The average 
adjusted savings of the houses studied was 257 therms/y,~ar: 252 thenns/year from space-heat
ing energy savings and 5 them1s/year from water-heating energy savings. Adjusted space-heat
ing energy savings was 25% of the average pre-weatherization space-heating energy 
consumption (I 022 therms/year), adjusted water-heating energy savings was 2% of the average 
pre-weatherization water-heating energy consumption (272 them1s/year), and the total adjusted 
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energy savings was 17% ofthe average pre-weatherization house gas consumption. '!he overall 
benefit-to-cost ratio for the ECMs installed in the houses was 1.24 assuming just installation 
costs (no administration cost), current residential fuel costs ($0.579/therm), a discount rate of 
0.05, and no fuel escalation ~same assumptions as made in the measure selection technique}. A 
\VCatherization program would be cost effective at an administration cost less than $335/house. 

A field test is being conducted in North Carolina to examine a newly-developed, single-family 
weatherization audit which incorporates new weatherization measures and techniques and 
expanded capabilities over existing audits used in most state weatherization programs. The field 
test is part of an overall effort to improve the energy savings and cost-effectiveness of 
weatherization progran1s nationwide. This field test is currently in progress, and results are 
expected in 1992. 

Another cooperative, cost-shared field test was performed in 81 occupied low-income, 
single-family houses in the Tulsa, Oklahoma area. The objectives of the field test were to 
determine the space-cooling electricity consumption of low-income houses equipped with 
\Vindow air-conditioners, the reduction in consumption due to ECMs installed under Okla
homa's Weatherization Assistance Program (W AP), and the additional reduction due to two 
ECMs designed to reduce space-cooling electricity consumption: c:ttic radiant barriers and 
replacement of low-efficiency windO\v air conditioners \vith high-efficiency units. 

To study air-conditioning electricity consumption and savings, new field measurement and 
analysis methods were developed. The electticity consumption of each individual air condi
tioner, indoor temperature of each house, and outdoor temperature were measured to obtain 
\Veekly energy consumption totals and average weekly temperature. Pre-weatherization meas
urements were made from June to September 1988. Post-weatherization measurements were 
made the following cooling season (May to September 1989). The study results show that 
programs directed at reducing space-cooling electricity consumption will more likely be cost 
effective if targeted at clients with high air-conditioning electricity consumption and/or if costs 
<.:an be minimized. Current air-conditioning electricity consumption sets an upper limit on 
potential program savings. Under this field test, consumption of the 81 houses averaged 1664 
kWh/year ($119/year). Individual house consumptions were quite variable, with 10% of the 
tested houses using less than 250 kWh/year and 10% more than 3000 kWh/year. 

Replacing low-efficiency air conditioners with high-<.;fficiency units produced measurable 
savings, with increased savings and cost-effectiveness achiev<:d in houses with high initial 
air-conditioning electricity consumption. An average reduction in air-conditioning electricity 
consumption of 535 kWh/year ($38/year and 28% of pre-weatherization consumption) was 
obtained from replacement of one air conditioner per house at a cost of $94 7/house. For 
appro:omately the same cost ($999/house), savings doubkd to I 06S kWh/year ($76/year ::md 
34% of pre-weatherization consumption) in houses with initial air-conditioning clcctricitv 
consumption greater than 2500 kWh/yc::H. 

Replacement of residential central air conditioners with high-efficiency ur. s was c:xarnmed 
in a field test 1n Austin, Texas. The objective ofthis study was to dctem•inc the energy usc and 
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electric demand impacts of replacing older, low-efficiency air conditioners with (smaller, where 
possible) high-efficiency un!ts. Electric energy performance dat<:. was collected on twelve 
houses during two cooling seasons (pre-retrofit in 1987 and rost-retrofit in 1988). 

The air conditioner retrofits in this project reduced the annual air conditiOner electric con
sumption and peak demand by an average of 38%. Nonnalized average demand reductions 

were 1. l W /sq ft of conditioned area, and normalized average annual energy savings were 1.4 
kWh/sq ft. Air conditioner power demand at individual sites was a well-defined function of 
outdoor air temperature for both pre- and post-retrofit periods. As an aggregate for all sites, air 
conditiuner energy consumption was a strongly linear functwn of outdoor temperature. 

The air conditioner retrofits in Austin are effective in reducing annual air conditioner electric 

consumption and peak electric demand. Cost-effectiveness of the replacements was not ex-
pected to be good, since dollar savings are not quite large enough (in the range of$150-200'yr) 

to justify replacement offunctioning units. The results from this study were expected to be used 

when considering development of a conservation program targeted at increasing the efficiency 

and reducing the size ofunits installed when an air conditioner is being replaced for other reasons 

(such as a unit that can no longer be repaired cost effectively). 

Foundation insulation was examined in a field test in Minnesota. The objective was to 
evaluate the effectiveness of foundation insulation in reducing basement conductive heat loss. 
Ten houses received interior insulation and ten received exterior iusulation retrofits. Fiberglass 
insulated stud walls were used for eight of the interior retrofits and extruded polystyrene was 
used for two. All ten exterior rr:trofits were done using extruded polystyrene. For various 
reasons, such as change of owner/occupant, five houses were deleted from the final analysis. 

On the average, the houseo in the study achieved only about one-third of the whole-house 
energy savings that were predicted by a two-dimensional finite difference model. Savings may 
have been overprcdicted by the model, since it assumed a constant and uniform basement air 
temperature and did not include effects of basement air stratification on whole-house energy 
use. 

Model calculations indicated that, in order for foundation insulation retrofits to achieve 

payback periods of ten years or less, they must be applied to intentionally heated space. The 
accuracy of the model for these results was verified by comparing model results to measured 
data obtained from a unifom1ly heated below grade test module. 

MOBILE HOME RESEARCH 

A controlkd environmental enclosure has been developed to allow testing of weatherization 
measures for prc-1976 vintage (prc-HUD-Standard) mobile homes under controilcd conditions. 
Pre-HUD-Standard mobile homes usc from 1.25 to 2 times the energy per square foot of 

comparable site-built houses. Their unique construction makes them difficult to weatherize 
eff'r.;ctively using the measures and techniques developed for site-constructed dv.;ellings. 
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Eight mobile homes have been tested. Each tc ·t usually takes only one or two nights, so it 
has been possible to combine testing with training workshops. The trainees install a measure 
one day and find out how effective their work has been the next. To date a number of 
weatherization measures have been tested, including: air scaling and duct repair (using blower 

door and tracer gas), furnace tunr-ups, interior storm panels, windo\v repairs and replacements, 
blown-in insulation in the belly (fiberglass and cellulose), insulation wrap of the belly, skirting 
and insulated skirting, blown-in insulation in the roof (fiberglass and cellulose), roof cap 
insulation, and \Vall insulation. 

In general, for colder climates the most cost effective measures include: blower-door-directed 

air scaling and duct repair, ft·mace tune-up, interior storm panels, and blown insulation in the 
roof and the belly. The blO\ rn insulation m3'' result in moisture damage in some climates and 
should probably be researched further bcf01.: it is widely applied. 

Tests to date have shown skirting, insulated skirting, roof cap insulation, and insulatio:1 wrap 

of the belly to be less cost effective. The research also indicates that window and door 
replacements should only be used when repair would be more expensive than replacement. 
Even for jalousie and awning windows, money is better spent on interior storm panels than on 
window replacement. Some additional testing was performed with wind emulation, which 
appeared to confirm these conclusions. 

RADIANT BARRIER RESEARCH 

A special research effort has been .:;cnductcd to examine a new retrofit measure for single 
family buildings. The new measure is radiant barriers, which are installed in attics of singk 
family houses to improve them1al performance. Computer models were dcvelooed for residen
tial attics with or without radiant barriers. A model for the thermal performance of attics was 

coupled with the DOE-2.1C model to estimate annual energy savings due to radiant barriers. 
l11e model was extended to allow· estimates of the amount of moisture that would accumulate 

on the underside of a horizontal .adiant barrier on an annual basis. Both ."''odcls were partially 
validated by comparing their predictions with measured values of ceiling heat flow, house 

energy use loads, and moisture condensation. Both models were used to estimate annual energy 
savings and moisture accu'l1ulation for a wide range of climatic conditions. 

The estimates of annual energy savings were used as a basis for an Attic Radiant Barrier Fact 
Sheet that was published by DOE in 1991. The intent of this Fact Sheet is to provide conse~mcrs 
with a source of unbiased information on which to make decisions about installing radiant 
barriers. The Fact Sheet tells what radiant barriers arc, how they work, how they diff~; from 
conventional attic insulation, \Vhat their characteristics arc, how much they cost, .J.nJ \Vhat effect 
they will have on cooling and heating bills. The annual energy savings estimates arc shown as 
present value savings($ per square foot of ceiling area), which allows the consumer to compare 

directly with the cost for installation to dctcnnine whether or not installation of a r2.diant barriu 
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is cost effective. In general, the estimated savings arc nigher for wam1cr climates and higher 
when the radiant barrier is added to lower levels of conventional attic insulation. 

MULTIFAMILY FIELD DEMONSTRATIONS 

A field test involving retrofits of 335 multifamily units is being conducted in Burlington, 
Vermont. The project was conceived and is ;- ~ing carried out by a local non-profit housing 
organization (Northgate Housing) and the local electric utility (Burlington Electric Department). 
The apartments have been c0nverted from electric-baseboard heating to gas-fired hydronic 
systems, with additional retrofits to the building shell and equipment. The retrofits in the 
buildings will be modeled using an energy simulation program to estimate the contribution of 
the individual retrofit measures where possible. The utility bills will also be analyzed to 
determine the overall energy savings. Results from thi~ project should be available in 1992. 

Another multifamily field test is being planned to evaluate replacement of central boilers and 
inst'lllation of new windows in 30 apartment buildings in New York City. The space-heating 
energy consumption will be monitored for two years to exam me the persistence of savings. 

COMMERCIAL FIELD DEMONSTRATIONS 

A field evaluation of a smart thermostat and related temperature contrcl improvements was 
conducted in a 4,000 sq ft commercial bank building in Knoxville, Tennessee. The fielci study 
had th,ee objectives: to demonstrate the energy savings and demand impacts of the inst'llled 
measures, to develop a better t:nderstanding of how to measure and analyze baseli.nc and 
improved performance from measured energy use data in small commercial buildings, and to 
improve knowledge ofthe data requirements necessary to characterize the energy perfonnancc
of comm~rcial buildings. Timed setback-setup control was added to the prin>.ary heating and 
cooling systems in the building and timed on/off control to two secondary systems. ·The 
upgrades on the three systems were achieved with minimal replacement of existing controls. 

Hourly electricity and gas consumpuon and hourly outdoor temperatures are available for this 
building for the period of June 17, 1987 to August 30, 198;.;. Data analyses indicated that the 
measures were highly effective. Heating energy savings were substantial for both wcc~kdays 
and weekends. The control changes provided a 33% reduction in winter heating energy use. 
The new control strategy reduced cooling energy requirements by 21%. Unlike heating energy 
savings, cooling energy savings occurred mostly on weekend:>, with cssenti:JJ!y no savings on 
weekdays. The retrofit was installed by a contractor at a cost of $600 in 1988. Total energy 
savings provided a simple payback of less than one year on the controls upgrade. 

A project is being conducted with an electric utility in Massachusetts that is conducting an 
energy conservation program for small commercial customers. The project is set up to proviJe: 
analytical review of estim<:.l.cs of energy savings benefits, development of improved savings 
estimates where needed, identification of additional energy saving measures for usc in the 
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program, planning offield tests to verify savings from measures, evaluation ofprogram benefits 
and analysis of energy savings results from field tests, and development of improved methods 
for providing energy services so these services can move closer to "real time." An evaluation 
of program energy-saving tmpacts for the approximately 1,000 buildings served by the program 
from March through September 1990 will be completed during 1992. 

The research work on the energy savings potential ofenergy management controls in the small 
bank in Tennessee highlighted the potential benefits of this type of technology--which many 
commercial buildings now use but many also do not. A field test of improved controls in 

medium to large commercial buildings in the general location of the District of Columbia is 
presently being planned. The objective of the project is to provide credible results on the field 
performance of these new technologies. 

FUTURE ACTIVITIES 

The new National Energy Strategy (NES) identifies more effective techniques for retrofitting 
existing residential buildings as an important area of ongoing research that has produced useful 
results and will continue to receive support. For commercial buildings the NES states a goal of 
supporting industry, utilities, and government agencies in developing and implementing effec
tive [retrofit] programs. Increasing the energy efficiency ofthe buildings sector is an important 
part of the NES. 

The Existing Buildings Research program provides a fundamental resource for national efforts 
to improve the efficiency of the buildings sector of our economy. In addition to conducting 
R&D on new technologies needed to specifically address special needs for energy retrofits in 
buildings, this program bridges the huge gap between technology R&D and technology use. 
Within this gap is the large array of activities associated with deployment oftechnologies within 
buildings. For deployment to be successful, the technology must meet a need and the barriers 
to deployment described in the Introduction must be overcome. 

To support continued technology deployment, the program will continue to support improve
ments to program implementation through field test studies. Wider application of current 
technologies is impoitant. Field tests will only be conducted in cases where other organizations 
provide significant cost-sharing, indicating an important need for the results. To the extent 
possible, we will attempt to conduct demonstrations in all climate areas of the country. 

New technologies for improved retrofit capabilities and diagnosis ofretrofi< opportunities will 
receive increased attention. Advanced diagnostics arc also needed to make identification and 
installation of retrofits a lower portion of total installation costs. Advanced methods for tracking 
and analyzir;g energy usc and savings \vill continue to be applied and refined. 

If the energy efficiency of the buildings sector in this country is to be dramatically improved 

over the next 30 years, we must improve the usc of energy efficiency technologies. Improved 
delivery of measures, improved understanding of how buildings actually pcrfom1 in the field, 
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and methods for improving operations and maintenance of buildings and energy eqPipmcnt are 
all examples of ways to improve the deployment (transfer) of technologies. The Existing 
Buildings Research program works to meet these needs. Much has been learned about technol
ogy deployment in buildings in the first five years ofthe program, and our future plans will be 
directed at continuing the improvements and making a real contribution to the energy efficiency 
future ofthe United States. 
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ABSTRACT 

This Research Update presents the status ofthe Existing Buildings Research program of the 
Office ofBuilding Technologies ofthe U.S. DepartmentofEnergy forthe period 1989-1991. 
This program covers research on energy efficiency improvements for the residential and 
commercial buildings in this country. The Existing Buildings Research program has contributed 
to significant improvements in energy efficiency of existing buildings by development of 
improvements to retrofit technologies, by coordinating and conducting research studies on the 
use of energy efficiency technologies (to reduce barriers and increase use), and by continually 
evaluating changes in technologies that could improve and maintain buildings energy efficiency. 
If the energy efficiency of the buildings sector in this country is to be dramatically improved 
over the next 30 years, we must improve th~ use of energy eillciency technologies. Improved 
delivery of measures, improved understanding of how buildings actually perform in the field, 
and methods for ir .. proving operations and maintenance of buildings and energy equipment are 
all examples of ways to improve the deployment (transfer) of technologies. Much has been 
learned about teshnology deployment in buildings in the first five years of the program, and our 
future plans will be directed at continuing the improvements and making a real contribution to 
the energy efficiency fvture ofthe United States. 
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INTRODUCTIC~N 


The Existing Building Research program of the Office of Building Technologies within the 
Conservation and Renewable Energy Progran1 of the U.S. Dept of Energy has continued over 
the past several years to advance capabilities in th~ United States for improving the delivery of 
energy efficiency technologies to consume:·s' lJuildings. This Research Update provides a 
summary of program activities for 1989-1991. (See MacDonald 1988a for a summary of 
previous work.) Improving energy efficiency of existing buildings through retrofit measures 
remains one of the major opportunities for increasing the resiliency of our economy, ameliorat
ing potential environmental difficulties, and extending the lifetimes of our energy resources. 

Although efforts directed toward improving buildings as they are built (new building.>) are 
important for improving the efficiency of the buildings sector, improvements to existing 
buildings will always be critical because buildings are used typically for periods of over 50 
years. Thus, introduction of improved technologies will occur over an unacceptably long time 
if existing buildings do not have retrofit improvem~nts installed. For example, the housing stock 
standing in 1990 will represent about 75% ofthe total housing stock standing 20 years later, so 
if no improvements are made to the existing stock, a large portion ofthe stock cannot contribute 
to expected improvements. Existing buildings are an important part of the U.S. infrastructure. 
They represent a major energy and economic investment-with perhaps the longest holding 
periods :of any capital stock-that must be maintained and impnved over time. 

Our iJrcvious estimates of potential energy savings possible from retrofits indicate 5 quads/yr 
l 015(quad ==- Btu) or more might be saved in existing buildings (MacDonald 1988), and our 

field expetience indicates these estimates are probably reasonable. Advances in technologies 
are expected to increase this savings potential. In the recent draft conservation and electric 
power plan (NWPPC 1990, p 24) for the Pacific Northwest, acquisition of 1,350 MW of 
conservation resources is proposed, which at an average load factor of 30% for a whole year 
translates to about 0.04 quads/yr. This energy savings for one fuel--electricity--in a region of 
the country having low electricity costs is impressive. Electricity consumption in this region is 
about 5% of total electrical energy use for the country. Efforts to improve the efficiency of 
existing buildings have been extensive in this region, yet the proposed acquisition of conserva
tion resources from existing buildings is 400 MW out of the 1,350 total (30%). Significant 
improvements to the exis~:ng building stock arc still possible and desirable. 

The entire country, including the buildings sector, has made major gains in Gnergy efficiency. 
One estimate showed efficiency improvement savings of32 quads/yr in 1986 over the year 1972, 
ifhistorical trends had held constant (DOE 1989, p 5). Ofthese estimated 32 quads of savings, 
50% of the savings were estimated to occur in the buildings sector, which includes residential, 
commercial, and institutional buildings. Another indicator of improved efficiency is the change 
in energy consumption relative to the change in gross national product (GNP). From 1972 to 
1989, total energy use increased only 14% while GNP increased 59% (EIA 1990a, p 25). Some 
impressive efficiency gains have been made since the time ofthc Arab Oil Embargo of 1973. 
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Given that improving the energy efficiency of our economy is important, other comparisons 
suggest that improving the efficiency ofour buildings infrastructure should be pursued still more 
vigorously. The industrial sector had been the largest consumer of energy since 1949, when the 
other t\vo sectors of the economy-buildings and transportation-each consumed about 60% 

as much energy. Howeve~, by 1972 buildings consumed about 80% as much energy as industry. 

And from 1986-1989, buildings used about the same as or a little more energy than the industrial 
sector, while the transportation sector used about 75% as much (EIA 1990a, p 13). 

Energy expenditures show a different picture. In recent history, the inciustrial sector has had 

the lowest expenditures, while the transportation sector has had the highest. However, expen

ditures for energy in the buildings sector increased from 84% of transportation expenditures in 

1975 to 120-130% ofthose for transportation from 1986-1988, making the buildings sector the 
highest (EIA l990b, p 17). The buildings sector has moved toward increased energy usc relative 

to the industrial sector and increased expenditures relative to the transportation sector, indicating 
relative growth in this part of the economy or relative weakness in efficiency improvement 

compared to the other two sectors (also see MacDonald 1988, p 3). Thus, a higher relative 
improvement in buildings energy efficiency appears needed as the buildings sector contributes 

a growing impact on energy use and expenditures relative to the other two sectors. 

Warnings of an "efficiency plateau" have surfaced, where, around the world, the recent 
evidence of a reversal or stoppage of increases in average heating efficiency of homes and the 
slowdown in improvements in appliance efficiency are cited as indicators ofthe buildings sector 
contribution to such a plateau. Schipper and Kctoff(l989, p 541) indicate their assessment that 
the plateau "reflects consumer indi fferencc, not the exhausting of cost-effective energy saving 
investments." The Existing Buildings Research program recognizes that improving the energy 
performance of buildings requires continuous innovation, where innovation means both the 
development and use of energy saving technologies. Innovation requires that new technologies 
be developed and available and that these technologies be used. Enabling the developmer.t and 
use of retrofit technologies is the central challenge of the program. 

Many energy saving technologies (investments) arc available at reasonably attractive invest

ment returns, and significant energy savings potential remains. However, the markets are 

cluttered with imperfections that limit the use of the technologies. 1l1csc imperfections, or 
barriers, have been discussed a number of times (sec Carlsm ith 1990, Sect. V, for discussion and 
previous references). The key barriers addressed through efforts of the Existing Buildings 
Research program are: 

E~ 	 bn•estment risk- Retrofit investments arc risky because energy savings arc 
less than expected on the average and difficult to predict for individual buildings. 
Risk aversion is an important decision criterion for consumers. 111c program 
interacts with organizations all over the country to improve the understanding of 
actual energy performance of retrofits and reduce variations in expected savings 
for specific measures or groups of measures. 



., Lack ofexpertise- The buildings industry and consumers generally lack the 
knowledge and inclination to deal with energy technology selection and 
installation. Significant expertise is needed to deal with all technologies and 
their interactions and potential pitfalls. Providing the needed expertise or 
supplcmentinf, available expertise is often very important to increasing the 
success ofrct·:ofit programs. The progran1 provides significant resources to 
address lack of expertise and to build expertise within intermediary groups. 

G CJwnge over time -Building occupants and uses change over time, and 

maintaining high efficiency involves not only keeping equipment and ::;ystems 

running properly but abe> tracking the influence of changes in occupants and 
use:;: of bui !dings. The development of improved energy use tracking systems is 
an important part ofthe program. 

@ New technologies- The retrofit market is chara~terized by the constant 
introduction of new technologies to be evaluated. Evaluation of new 
technologies is a critical task that must be ongoing if new technologies arc 
continually developed, and evaluation of new technologies is central to the 
program. 

The Existing Buildings Research program has contributed to significant improvements in 
energy efficiency of existing buildings by development of improvements to retrofit technolo
gies, by coordinating and conducting research studies on the use of energy efficiency technolo
gies (to reduce batricrs and increase usc), and by continually evaluating changes in technologies 
that could improve and maintain buildings energy efficiency. The Office of Building Technolo
gies of the U.S. Department of Energy (DOE) conducts research, development, and demonstra

. tion projects to achieve four technical objectives: 

0 	 Provide reliable data on retrofit perfom1ance and the means of collecting such 
data and maintain the national capability for analyzing and updating retrofit 
perfonnancc data 

e 	 Evaluate technologies for retrofit energy savings potential and assist in the 
development of attractive retrofit technologies 

® 	 Measure and analyze the influence of human and other factors on the 
effectiveness of retrofits and post-retrofit operations and maintenance 

o 	 Make the results of research on existing buildings widely available to the 
building efficiency industry through participation with national networks and 
other technology transfer activities 

For more information on the specific program areas, contact the following: 

Emcst Freeman 	 William Mixon 
U.S. DepartmcntofEnergy CE-421 Oak Ridge National Laboratory 
1000 Independence Avenue S. W. P.O. Box 2008, Bldg. 31<17 
Washington, D.C. 20585 Oak Ridge, Tennessee 3 783 I -6070 

202/586-9192 	 615/576-7323 
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IMPORTANCE OF EXISTING BUILDINGS 

Buildings built before 1991 will comprise a significant portion of the total building stock in 
the years 2010 and 2030. The actual percentage of housing units or commercial floor space 
depends on bot!:. the amount of pre-1991 building stock removed from the total stock and on the 
new building stock constructed. 

The n~ ed for new construction depends to some degree on the building stock being removed, 
since a significant portion of new construction repl3.:es o:d building stock that is obsclete. For 
example, in the ciccD.de of the 1990's approximately 0.4 to 0.5 million housing units built before 
1991 will be removed from the housing stock each year. Total new construction will probably 
range from 1 to 1.5 million units each year, so replacement of the old st•Jck that was removed 
represents over 25% (and sometimes closer to half) of new construction year to year. 

The uncertainties in the real estate market in 199 J may reflect a continuing change from the 

1970's toward the relative decline of the 1980's in housing construction. Mankiw (1989) warns 

of a continuing decline in the need for new housing units. Our analysis of the Mankiw resu!ts 
and data from other sources indicates that annual construction of 1.2 to 1.3 million housing 
units/yr may be typical for the 1990's, which is less than the average of 1.4 million housing 
units/yr completed in the decade of the 1980's ( 1.7 million units/yr in the 1970's). Further 
decli;,es in the future may also be in store. Declines in new construct:on--and possibly 
increa.svi renovation of existing stock-mean increasing importance for existing buildings. 

The comml'rcial market (which includes commercial and institutional buildings) has signifi
cant problems resulting from overbuilding in the 1980's, and construction of new commercial 
buildings may be impacted for a long time. Real estate analysts expect the recovery from this 
overbuilding to be long and painful. The time to return to the 5% vacancy rate considered 
"natural" by the real estate industry may be as long as 14 years (Wall Street Joumal 1990). The 
uncertainties in the commercial market arc greater, but the prc-1991 commercial stock IS 

expected to represent a significant portion of the total commercial stock in the year 2030. 

GLOBAL WARMING 

Global climate change, especially global warming, has become a major issue for many 
countries. Significant debate is underway about the validity ofglobal warming (Schneider 1989, 
Breton 1990). Decades of research may be required to resolve the scientific uncertainties, which 
cause scientific consensus to " [ crum blc] over the value question ofwhcthcr present in formation 
is sufficient to generate. a societal response stronger than more scientific research on the 
problems" (Schneider 19!\9, p 77!\). 

Estimate.s cf carbon equivalent emission reductions for the United States suggest that, through 
various energy efficiency and other initiatives, C02 [equivalent] emissions could be kept at 1988 
levels through the year 20 I 0 solely by implementing programs that arc estimated to have net 

http:ciccD.de
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cost savings for the nation. However, the potential reduction is expected to be limited by 
significant problems with implementation of those programs (Breton 199G). Significant inter
national potenti.al for emissions reductions through energy efficiency initiatives are also sug
gested (Schwengels 1990). 

The buildings sector in the United States (all existing residential, ~ommercial, and institutional 
buildings) is important in the consideration of global warming, because the United States 
accounts for about one quarter of world energy use and greenhouse gas (GHG--those gases 
which contribute to potential global warming) emissions. Existing buildings account for about 
35% oftotal energy use and GHG emissions in the United States, which means existing buildings 
in the United States account for almost 10% of total global energy use and GHG emissions. 
(GHG emissions approximately track energy use.) 

However, buildings represent an energy-consuming part of the infrastructure of an economy 
that changes more slowly than the other two sectors: industry and transportation. Thus, effective 
efforts in this sector to introduce higher energy efficiency will have to consider methods to 
improve the efficiency of existing buildings because of the slow rate of change in the stock. 

HISTORICAL ENERGY CONSERVATION EXPERIENCE 

A significant report oftrends in energy conservation in the United States was released recently 
by the U.S. Dept of Energy (DOE 1989). Savings due to efficiency improvement were estimated 
for the whole economy at::; 1.8 quads/yr (quad= I 0 15 Btu) in I 986, using 1972 as the base year. 
ifhistorical trends had held constant (i.e., efficiencies were frozen at 1972 levels). Fifty percent 
of the savings (15.9 quads/yr) were estimated to occur in the buildings sector. 

This report is significant because it builds on skills developed over the decade of the 1980's 
for evaluating energy use and energy conservation improvements by sector. Thus, the report 
represents the most informed attempt to examine historical conservation achievements and 
explain the factors affecting these achievements. 

The analysis of residential buildings, where total savings in 1986 relative to 1972 were I 0.9 
quads/yr, showed that perhaps 30-40% of the residential energy conservation savings resulted 
from retrofits. For commercial and institutional building~; (savings of 5.0 quads/yr), the analysis 
was less detailed (since fewer data arc available) and indicated that retrofits may have accounted 
for over 90% of the savings. These results suggest that s'"vings from energy retrofits an10unted 
to more than 8 quads/yr (about 50% of the 15.9 quads/yr total improvement) and that retrofit 
savings were about equal in both the commercial and residential subsectors. 

1l1cse same results suggest savings from new buildings (both residential and commercial) 
amounted to I .8 quads/yr over this period (about l 0% ofthe total). The remaining improvement 
(40%) leading to the total of 15.9 quads/yr resulted from other ch:wgcs estimated in the 
residential stock (in energy usc per unit per year), which included behavioral changes, changes 
in migration/regional growth, increased wood use, and reductions in household size. 

http:potenti.al
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Comparison of the energy savings from retrofits to the savings for new buildings underscores 
the critical importance of improvements to the existing building stock in obtaining real en<.:rgy 

efficiency gains for the U.S. economy. 

Thus, the contribution ofenergy savings in existing buildings to the improvemcntofthe energy 

efficiency of the buildings scctcr over the period 1972-1986 is estimated to be five times as 
much as for new buildings. The high relative savings for existing buildings highlights the 
importance of existing buildings to national energy efficiency. The available data indicate that 

improvements to existing buildings have been more important historically. 

Recent estimates of potential energy savings performed during development of the National 
Energy Strategy suggest that about 15 quads/yr of energy could be saved through increased 
building enngy effi:::iency by the year2030 (BNL 1991, p 3-17). Based on historical experience, 

a significant fraction of any pott.;ntial savings will likely come from im provcmer.ts in existing 

buildings. We estimate that ahout one-third of this savings in the year 2030 will result from 

improvements to existing buildings. In addition, ifinc;eascd buildings efficiency is needed in 

the short term (less than 15 years), major emphasis on existing buildings will be necessary. 

Efficiency benefits for the nation r~sulting from improvements to new buildings take a long time 

to grow to substantial levels. 

Bccau:>c buildings arc in use for long lives of 50 years or more, the nature of the stock is slow 

to change. However, energy technologies arc continually evolving and arc introduced some
what continuously over timeframcs much less than 50 years. Since improved building energy 
efficiency technologies do not come in batches, existing buildings must continually be improved 
to achieve accelerated progress in energy efficiency in the buildings sector. Introduction of 
improved technologies will occur over an unacceptably long time if existing buildings arc not 

a major thrust of any national energy efficiency improvement program directed at buildings. 

http:provcmer.ts
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DOE COMPETITIVE SOLICITA.TION 

In 1989, DOE issued a broad competitive solicitation to develop cooperative, cost-shared 
projects that would further the technical objectives of the program. In order to promote 

collaboration between the buildings industry and the DOE National Laboratories, the solicita
tion offered financial assistance as well as technical assistance ofN ational Laboratory staff for 
project design, implementation, evaluation, and/or dissemination of results. The areas of 
research interest listed m the solicitation were as follows: 

& Development of educational programs and delivery systems which increase 

energy efficiency awareness and achievement of energy savings. 

16 Field monitoring of the efficacy of single or combined retrofit measures. 

fll 	 Development of tools or methods to diagnose energy usc in buildings, building 

equipment, or operations and maintenance. 

fll 	 Development of non-proprietary models that accmatcly preciict building energy 
use and savings due to retrofit measures. 

Cl> Innovative and effective methr-ds of technology transfer. 

e 	 Documentation of energy savings in existing buildings. 

The response was excellent. There were 104 proposals received from 80 organizations, and 
the research topics proposed confirmed our previous determination ofthe types of research and 
information that arc needed to overcome barriers to retrofit actions. Ten proposals were 
accepted, and the work on most of these is beginning in 1991. The ten proposals arc summarized 
below: 

Establishing a Model for Retrofitting HUD Affordable Housing Projects, 
Burlington Electric D~partmcnt. 

The savings, costs, and other benefits of a comprehensive energy efficiency retrofit of 53 

buiidings containing 335 units of affordable housing will be evaluated with technical assistance 

ofLBL. More than $4 million of a total renovation budget of$6.5 million was for energ::.• cost 

saving measures to ensure the continued affordability of this housing. Retrofit measures will 
include replacement space and water heating and distribution systems, building insulation, 
infiltration barriers, replacement doors and windows, and foundation insulation. 

Persistence of Window and Heating System Retrofits in Multifamily Buildings, 

New York Sate Energy Office. 


The persistence of savings will be analyzed for a period of about 20 months for window and 
heating system retrofit measures in 30 multifmnily builclint,s. Energy usc will be detenninecl 
from weekly readings of individual meters to be installed on the heating system ofeach building 
and conditions that impact persistence will be dctennincd using inspections, attitude surveys, 

training, and comparisons with a control group. 
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Monito! ing of Conservation Retrofits in Single Family Buildings, 

Florida Solar Energy Center. 


The actual energy savings and impact on peak electric demand and load profiles of individual 

retrofit measures in ten housc:s will be determined by monitoring before and after the retrofit 

according to the DOE single family monitoring protocol. The retrofit measures include infil
tration reduction, window treatments, attic insulation, air conditioner rcplacemcm with high 
efficiency unit, and duct system sealing. Both cooling and heating season data will be collected, 
and all data will be delivered to ORNL. 

Use of Energy Managcm"nt and Control Systems for Performance Monitoring of 
Retrofit Projects, Texas A&M University. 

The project is tv evaluate and field test the use of energy management and control systems 

(EMCS) for remote performance monitor!!!g of conservation ?11u )oad management measures 

in non-residcctial buildings to be retrofit in the Texas Loan~·TAR Program. Technical is5ucs 
indudc the monitoring capabilities ofEMCS, open-pro'i:ocol communication requirements, c<J.se 
study performance evaluations, and guidelines for EMCS based monitqring. Technical support 
is provided by LBL. 

Commercial Buildings MoPitoring and Retrofit Program, 

Central Vermont Public Service Corp. 


The predictability of retrofit energy efficiency measures in small commercial buildings will 
be improved through a program incorporating survey, monitoring, and retrofit of selected 
buildings. Buildings in their service area will be characterized and segmented using existing 
records of customer energy usc and DOE monitoring protocols, and several test buildings will 
be selected for installation of retrofit measures with pre- and post-retrofit monitoring to 
determine savings. Results will help target specific retrofit measures to building characteristics 
and provide a basis for a utility marketing program. 

Modify and Enhance PSIC's Builder Guidelines for Existing Building Applications, 
Passive Solar Industries Council (PSIC). 

An cxistine energy design and analysis tool entitled "Passive Solar Design Strategies: Guide
lines for Home Builders" will be modified for usc in retrofit and remodeling applications. The 
new Retrofit Guidelines arc to be a uscr-·fricndly design tool for selecting the best mix of 

conservation, renewable, and natural cooling technioucs that arc appropriate for a wide range 

of locations. 
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An Innovative Educational Program for Residential Energy Efficiency, 

Cornell University. 


An innovative conservation education program ofhouseholds to be conducted through Cornell 

Cooperative Extension will be developed, implemented, and evaluated. Social-psychological 

principles will be used to encourage simple changes in habits and home management or simple 
technical options that will produce energy savings. The study will involve 250 households in 
f\n education group and 7.50 in a control group, with surveys befor::: and one year after an energy 
.... n~ervation workshop. 

A Study of the Persistence of Energy Savings in Single-Family Residences in 

Wisconsin, Wisconsin Energy Conservation Corporation (WECC). 


The persistence of savings will be an:1lyzed for energy efficiency retrofit measures on 

single·family, gas heated residences over a three to six year period after retrofit. Retrofit 

measures will include heating system replacements and modification, thermal envelope meas

ures such as attic and wall insulation, infiltration reduction, and water heater measures. Coop

eration of Wisconsin utilities will provide energy billing data on a large number of homes, and 
ORNL will provide technical support for analysis. 

Waste Heat Recovery in Restaurants: Design Optimization and Field Verification, 
Sud Associates, P.A. 

A field evaluation of technologies to recover waste heat from restaurant refrigeration equip
ment for preheating hot water will be conducted at two sites to measure the actual energy savings 
and cost. Results will provide restaurant owners/operators with the objective data needed to 

assess expected savings for their particular application. Technical assistance with experimental 

design and interpretation of results is provided by ORNL. 

Improving Energy Efficiency by Desigrn, 

American Consulting Engineers Ct~tmcii. 


An information package will be developed for engineering firms to show that energy services 

can be successfully and profitably sold to owners and developers. The package will include the 

advantages that can be gained from additional energy analysis to support energy efficient de3ign 

and an effective method of marketing the concept. 



-10

ENERGY MONITORING PROTOCOLS 

Energy (and power) monitoring in buildings is conducted for a variety of purposes. Some of 
these arc: utility planning, assessinp: the efficiency of building energy systems (new building 
performance, baseline performance, evaluation of retrofits), systems development (HVAC, 
lighting, controls, etc.), tracking performance, assessing public policy, and diagnosing specific 
problems in buildings. The Existing Buildings program is one of~_he leaders in planning and 
managing analysis projects involving field measurement of buildings energy use (building 
energy monitoring). Monitoring and analysis can aid the promotioP. of effective technologies 
by providing more reliable data on the expected benefits of energy efficiency improvements and 
demonstrating how improved monitoring and petformance tracking methods help maintain 
efficient performance (Ion~ term benefits). 

NEED FOR l\liONITORING PROTOCOLS 

Field performance monitoring of building energy systems is increasingly employed to obtain 
data required for making decisions about energy and power use in commercial and related 
buildings. Data from field monitoring studies are used by a diverse community including energy 
suppliers, energy end-users, building systems designers, public and private research orgc.niza

tions, equipment manufacturers, and public officials involved with the regulation of residential 

and commercial building energy efficiency. While the range of issues these various constituen
cies face is diverse, a common challenge is obtaining accurate, rei iable, and cost-effective 
performance data that meets information needs. 

Much of the literature on building performance monitoring can be generally characterized as 

case study reports which emphasize the data and findings for a particular project. The results 
from these studies generally provide little potential benefit for other buildings because differ
ences betv-:een buildings cloud comnarisons. Protocols serve to promote comparability of 
projects, which can lead to increased knowledge by more practitioners. 

In recent years field performance monitoring has devdoped into a specialized discipline, 

evidenced by the first National Workshop on Field Data Acquisition for Building and Equipment 

Energy Use Monitoring at Dallas, Texils, in October 1985. The pr00eedings from this \vorkshop 
(including Hughes and Clark, I 986; Mazzucchi, 1986) provide an excellent overview of the 
state of field performance monitoring at that time, significant is·sues facing the monitoring 
community, and future directions. Field performance monitoring l,1as been subject to introspec

tion and criticism by its practitioners. Recurring themes in this c1iticism include the need for 
detailed planning and the importance of cstabl ishing the relationship he tween the data collected 
and the objectives of the monitoring project (EPRI 1983, Hughes 1986). Project planning is 
often too hardware oriented, with insufficient emphasis on data analysis .::.nd development of 
data products that meet the project's goals and objectives. Monitoring projects have also been 

criticized for gathering excessive data for which there is no clear usc. The development and usc 
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of pa·otocols based on tested and accepted practices for planning and implementing fieid 
monitoring projects arc expected to help alleviate such shortcomings. 

Protocols consist of experimental plans, specifications, and procedures for various field 
monitoring activities that are generally useful to others as models and examples of accepted 
practice. The focus is on methods and procedures for monitoring, as opposed to the selection 
and usc ofhardware. In genera!, monitoring protocols are being advanced to serve as examples 
of good practice, to improve communication ofthc experimental design of specific projects, to 
achieve more uniiormity in the development and documentation of monitoring projects, and to 
improve communication by usc of a classification system. 

Protocols provide uniform guidelines and offer additional benefits if followed by a variety of 
different user groups. Field data arc expensive to obtain and analysis expensive to perform, and 
such project results should be available to others for study or usc with a reasonable level ofeffort 
for adaptation. Since guidelines are designed to ensure more consistent and comparable proce
dun~s, definitions, and data, those performing similar monitoring projects should be able to use 
other data sets with the knowledge that information collected is reasonably consistent &!d 

complete. Su.ch exchanges of data will allow all involved to either increase their dambasc or to 
collect only necessary (i.e., less) data. 

DEVELOPMENT OF PROTOCOLS 

A procedure for uniform development and documentation of monitoring protocols has been 
proposed to improve communication and understanding of any particular protocol (Misuriello, 
1987). The procedure includes the following major cleP1ents: 

1. 	 A classification system that broadly groups various types of monitoring 

activities and associated protocols based on s:' jlarities of goals, 

experimental approach, and data requirement~. 


2. 	 A guide specification which p1ovides a consistent format for 
communicating the methodological requirements of protocols for 
particular monitoring projects. This format addresses procedures for 
stating the goals and objectives of the monitoring and research questions 
to be addressed, specification of data products, specification of data 
analysis procedures and algorithms, specification of data points to be 
monitored, special concerns of hardware selection, and procedures for 
quality control. 

3. 	 Standard terminology and definitions that ft:::tber specify the monitoring 
protocol requirements. This includes definitions of mcasun.:d quantities 
such as energy end-uses and published standards of measuring and 
testing procedures incorporated by reference. 
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The Existing Buildings program has participated in the development of monitoring protocols 
and made major contributions over several years. Protocols have been developed specifically 
for monitoring energy savings in field studies ofenergy retrofits in single family (Ternes 1987), 
multifan1ily (Szydlowski 1989), and commercial (MacDonald 1989a) buildings. Participation 
in the ASHRAE Technical Committee 9.6 Subcommittee on Building Energy Monitoring has 
made a significant contribution to the completion of a chapter on this topic for the ASHRAE 
Handbook (1991 Applications volume). Within ASTM, a new standard for monitoring energy 
use in residential buildings has been approved, Standard Practice for Specifying Data for 
Evaluation ofEnergy Used in Residential Buildings, E 1410. A standard guide for designing 
energy monitoring projects in commercial buildings is in the balloting sta,se within ASTM now. 
The Existing Buildings program has made significant contributions to energy monitoring 
procedures, and important knowledge is being added to the publications of national standards 
organizations. 
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SINGLE FAMILY BUILDINGS 

Energy consumption data on a variety of single family energy retrofit projects have been 
collected over the years, and many have reported considerable scatter in the effectiveness of 
retrofits. This scatter leads to uncertainty about reasonable approaches to improving energy 
efficiency through retrofits, and the uncertainty leads to distrust by consumers about energy 
retrofits. The single family research program has conducted research, development, and 
demonstration efforts in a number of areas to begin to address the uncertainties about energy 
retrofits in single family buildings. These activities have supported widespread and growing 
improvements in public and private sector skills for putting energy retrofits in place in the single 
family building stock. 

RETROFIT PERFORMANCE DEMONSTRATIONS 

NEW YORK 

A cost-shared, cooperative field test was performed in 89 houses in Buffalo, New York, to 
verify the energy savings and program improvements achieved from use of an advanced 
residential energy conservation measure· (ECM) selection technique in conservation programs 
(Ternes 199la). The technique was also tested to provide input into determining whether utility 
investments in residential gas end-use conservation are cost effective. 

The Oak Ridge National Laboratory (ORNL) previously developed a selection technique and 
tested it in the State ofWisconsin's Low-Income Weatherization Assistance Program in 1985. 
This work was summarized by MacDonald (l988a) in the previous Research Update. Results 
showed that the technique more than doubled the annual energy savings per dollar expenditure 
of t..lJ.e program as compared with the priority system formerly used in 1982. Following this 
previous study, the technique was modified by the Wisconsin Energy Conservation Corporation 
for the State ofWisconsin to improve the accuracy of the energy savings predictions and include 
additional ECMs (inciuding water-heating system ECMs). 

The technique is now a commercially available, proprietary audit program and runs on a 
personal computer. The technique focuses on reducing space- and water-heating energy 
consumption. Under the technique, each house is analyzed individually to identify all ECMs 
that are cost effective in the building envelope, space-heating system, and water-heating system. 
Information on each house is collected through house surveys, discussions with the occupants, 
examinations of previous billing data, and diagnostic testing (measuring house air-leakage rates 
using a blower door and space-heating system efficiencies through a flue gas analysis). TI1e 
benefit-to-cost ratio (BCR) for each FCM is dctem1ined using this infom1ation and other 
economic data, allowing the cost-effective ECMs (BCR > 1.0) to be selected once interactions 
between ECMs are takett into account. Because cost-effective ECMs arc selected uniquely for 
each house, inefficient houses that can benefit most from weatheiization receive more ECMs 
and greater amounts of money arc spent on them. 
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The field test was .a cooperative effort among four organizations. The Alliance to Save Energy 
helped initiated the project by bringing together the principal participants and provided mana
gc;ial support throughout the project. The State of New York (Department of Public Service) 
also helped organize the project and provided managerial support throughout the project. 
National Fuel Gas Distribution Corporation performed the majority of the field work, which 
included selecting the houses, installing instrumentation, collecting data, auditing the houses, 
and performing the weatherizations. ORNL designed the study, managed the data, and executed 
the analysis. 

The 89 houses were divided into two groups: 45 houses received a mix ofECMs as selected 
by the measure selection technique (audit houses) and 44 served as a control group. Space-heat
ing gas consumption, water-heating gas consumption, and indoor temperature of each house 
were measured at weekly intervals in addition to outdoor temperature. Pre-weatherization data 

were collected for all houses during one winter ~0ason (January to April 1988). ECMs were 
installed in the audit houses between August <me ;'~ovember 1988. Post-weatherization data 
were collected for all houses during the following winter season (December 1988 to April 1989). 
Regression analysis of pre- and post-weatherization data were used to estimate annual space
heating energy consumptions and savings normalized to historical outdoor temperatures and a 
constant 68F indoor temperature (approximately the same indoor temperature assumed in the 
selection technique). A simpler technique was used to estimate annual water-heating energy 
savings. Savings for the audit houses were also adjusted using the savings estimated for the 
control houses to account for factors affecting the space- and water-heating energy consump
tions that could not be considered directly. 

The study results showed that use ofa measure selection technique to select unique ECMs for 
individual houses resulted in a significant cost-effective level ofenergy savings. Energy savings 
results are summarized in Table NY l. The average adjusted savings of the audit houses was 

Table l\ff1-Summary of adjusted s~vings ~or the audit houses 

Annual pre- A.nnual energy savings 
weatherization (thenns/yr) Percent Percent of 

energy use savings predicted 
(thermslyr) Adjusted Predicted 

-

25%Space-heating 1022 252 298 85% 


Water -heating 
 2%272 5 30 17% 
~-

Other gas use 182 
-

1476 257 328 17%Total 78% J 
-

257 thenns/year: 252 them1s/year from space-heating energy savings and 5 them1s/ycar from 
water-heating energy savings. Adjusted space-heating energy savings was 25% of the average 
pre-weatherization space-heating energy consumption ( 1022 therms/year), adjusted water-heat
ing energy savings was 2% ofthe average pre-weatherization water-heating energy consumption 
(272 thr.ms/year), and the total adjusted energy savings was 17% of the average pre-weatheri
zation house gas consumption. The overall BCR for the ECMs installed in the audit houses \Vas 
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1.24 assuming just installation costs {no administration cost), current residential fuel costs 
($0.579/therm), a discount rate of 0.05, and no fuel escalation (same assumptions as made in 
the measure selection technique). A weatherization program would be cost effective at an 
administration cost less than $335/house. 

The measure selection technique predicted space-heating energy savings and total installation 
costs with reasonable accuracy, indicating that its recommendations arc justified (ECMs were 
correctly recommended in individual houses and concentration ofECMs in selected houses was 
justified). As shown in Table NY I, the average adjusted space-heating energy savings achieved 
in the audit houses was predicted 
relatively accurately by the selec
tion technique (within 85%). Al
though not statistically accurate for 
individual houses, the selection 
technique's prediction of space
heating energy savings is reasonc 
ably accurate for most houses. 
Figure NY 1 shows that houses are 
generally grouped around a line 
representing equality between pre
dicted and adjusted savings. 
Agreement between predicted and 
adjusted savings was especially 
good for houses in which few 
ECMs were installed (low pre
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dicted savings). Changing the bal Figure NY1-Comparison of adjusted to predicted 
space-heating energy savings for each audit houseance point temperature used to pre
'A' -indicates house in which attic insulation with a predicted savings 

dict space-heating energy savings greater than 75 therms/yr was installed 
'W'- indicates house in which wall insulation with a predicted savings of envelope ECMs from 60°F to 
greater than 75 therms/yr was installed 

57°F eliminates the difference be- 'WA'- both attic and wall insulation installed (each meets the savings 
criterion individually) tween average predicted and meas •••- neither was installed 

ured savings. The selection Solid line -adjusted and predicted savings are equal 
Dashed line -least squares regression fit for the actual data 

technique was not very accurate in 
predicting water-heating energy 
savings. However, the study was not designed to specifically measure small water-heating 
energy savings. Additionally, anticipated water-heating energy savings were much less than 
anticipated space-hcafng energy savings. The average cost for perfom1ing the ECMs in the 
houses was estimated quite reliably by the selection technique (within 2%). 

The effectiveness of the selection technique in achieving energy savings for lower expendi
tures improved from the 1985 study in Wisconsin (sec Table NY2). Under this field test, 18.5 
therms/ycar were saved for every $100 spent on ECMs as compared to 15.9 them1s/year 
measured in the previous study and 5.4 thcnns/year measured in 1983 for the Wisconsin 
Weatherization Assistance Program that used a simple priority list to select measures. Although 
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lnvt:lstment cost for conserved energy $54 II $83 I $185 
1($/1 06 Btu-first year) -- -- 1 - - - - -~~~~~~~~~~J~~~~,~,~=~~~~~l 

·Wisconsin Energy Conservation Program, Low-Income Weatherization Study, 
V 3, "Technical Findings," 1984. 

tEstimated from reference above. _ __ _ J 

this improvement could certainly be due to differences between the experiments in housing 

characteristics and climate, improvements made to the technique are also likely contributors 

(especially limiting recommended ECMs to those with predicted BCRs greater than 1.0). 

A wide variety of ECMs were selected by the technique (Fig. NY2). Only II of 21 ECMs 

considered by the selection technique vvere installed. Three water-heating system ECMs (pipe 

insulation, insulating blanket, and 

temperature reduction), infiltra

tion reduction, and attic, v.·all, andSPA~~TH~~~~ :~~~~~~:~~ ~~~{tM: 
sill box insulation were frequentlylt,FILTRATIONREDUCTION ~$~ I 


ATilCINSULATION W&&?Y~~ I 
 performed. Space-heating system
WATER HEATER TANK lt,SULATIOtl ~ 


REDUCEHOTWATERTEMPc:::.~~IRE ~ 
tunc-ups were routinely performed 
WALL lt,SULATIO~I !.~~~ 


SILLBOXItiSULATION ~~~ 
 to ensure that the systems were op
FLOOR ltiSULATIOtl ~ erating safely and to avoid liabilit'-'

•iTERIOR FOUr~OATION H<SULATIOti ~ 


SPACE-HEATING SYSTEM REPLACEMEt<T l!i , 
 issues, although energy savings 
WATER-I-lEATI~IG SYSTEM REPL/•CEMEI<T ~~~-----~---- -~-"-~-~_________j were still expected. Floor insula' 0 10 20 Y-l dO 50 60 70 60 00 100 

RELATIVE FREQUEIKY ('l>) tion, foundation insulation, and 

space-heating system replacement 
Figure NY2-Installation frequency of energy were ECMs infrequently pcr
conservation me.%ures in the 36 audit houses fom1cd. ECMs that were never 

in New York 
performed included storm winA new water heater wa~ not .~on&ldered a measure but wan in&tallcd 1n 

one houae ::.sa repair rlem dows, intermittent ignition de

vices, and vent dampers. !fa clock 

thermostat with a 5°F SCtJack had been an option considered by the selection technique. it would 

have been selected in cnly one house. 
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The selection technique, designed to 
concentrate ECMs in houses that would 
most benefit from them, produced a 
wide variation in energy savings and 
expenditures among houses. On aver
age, the space-heating energy savings 
was largest in houses with higher pre
weatherization space-heating energy 
consumption and that received greater 
expenditures for ECMs. Adjusted 
space-heating energy savings ranged 
from -136 to 1120 them1s/year (Fig. 
NY3) and adjusted water··heating en
ergy savings ranged from -98 to 172 
therms/year. The amount of money 
spent on each house <.veraged $1453 for 
36 houses ($1387 for 32 houses with 
energy savings that could be analyzed) 
but varied over a large range: less 
than $500/house was spent in five 
houses and more than 
$2000/house was spent in 11 
houses (see Fig. NY4). Expendi
tures were predominately for wall 
and attic insulation: an average of 
$750 and $400, respectively, was 
spent in each ~ouse for these meas
ures, while less than $75 was spent 
(on average) on each of the re
mammg measures. 

An infiltration reduction proce
dure, designed to increase energy 
savings at reduced costs by using 
a blower door to locate major 
house leaks and to determine when 
infiltration work was no longer 
cost effective, did produce signifi-
cant cost reductions. Work was not perfom1ed in 19% of the houses because their air-leakage 
flow rates were already sufficiently low (less than 1500-1800 CFMso, where CFMso is ft 3/min 
of air at 50 Pa). By requiring infiltration reduction work to be performed at a BCR of 2.0, 
expenditures were limited to an average of$73/house (excluding a $70/housc ;ct up cost). Better 
trained and more experienced crews may spend more than this to achieve greater reductions. 
Greater expenditures and reductions would also result if the BCR for the work was lowered. 
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Figure NY5--Comparison of indoor temperature 
changes for the field test houses

The temperature change is the average post-weatherization tem
perature minus the average pre-weatherization tempera lure. 

- ]g-

Avcrage indoor tem pcratu rc changes 
follo\ving weatherization were small, 
indicating that a significant take-back 
effect had not occurred. Conclusions 
drawn from previous ORNL experi
ments reported by MacDonald (1988a) 
in the previous Research Update, that 
indoor temperature and its change does 
not contribute significantly to lower 

than expected savings observed in 

weatherization programs but that they 
do contribute to the variation in meas

ured savings observed in individual 

houses, were confirmed. The average 

temperature maintained in the audit 

(68houses was about that expected 
700F). As shown in Fig. NY5, the aver

age change in indoor temperature for the 
audit houses was near zero (+0.5°F) and about equal to that observed, on average, in the control 
houses ( -0.1 °F). Indoor tem::>eratures maintained in individual houses and cl:angcs in tempera
ture following weatherization arc unique for each house, however. 

Recommendations regarding future development and implementation of similar measure 
selection techniques were developed from the results from this study and the previous study 
performed in Wisconsin. These recommendations were directed at making techniques easier to 
use and to increase savings and cost effectiveness. The recommendations proved very useful 
in the development of a new approved audit procedure developed by ORNL for the DOE 
Weatherization Assistance Program. Several major recommendations are listed below. 

1. Infiltration reduction work should be performed in parallel with the measure selection 
technique (preferably following the infiltration reduction procedure used in this study). 

2. Low-cost ECMs (such as most water-heating system ECMs) should be performed in 

parallel with the measure selection technique rather than including them in the audit. These 

measures should be selected using simple criteria. These measures can normally be pcrfom1ed 

in the time needed to collect and input information into an audit to make a recommendation. 

3. ECMs requiring occupant usc and control (such as thermostat setbacks of the space-heating 
or water-heating systems) should be included in a client education package that is also performed 
in parallel with the measure selection technique. 

4. In a sufficiently small geographic area where there is consistency in housing stock, climate, 
installation costs, and other relevant parameters, application of the measure selection technique 
to every house in a pilot test may indicate that a simpler technique could produce near equivalent 
results. This occurs because the consistency allows patterns to develop regarding correct 
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installations. This is more likely to occur ifenvelope and water-heating system ECMs only are 
performed because of the importance of intera~tions of savings between measures when 
space-heating system ECMs arc included. 

NORTH CAROLINA 

The North Carolina Field Test is part of an overall effort to improve the energy savings and 
cost-effectiveness of weatherization programs nationwide. It is designed to evaluate the first 
application of a newly-developed, single-family weatherization audit which incorporates new 
weatherization measures and techniques and expanded capabilities over existing audits used in 
most state weatherization programs (contact William Mixon for more information, page 3). The 
test is expected to both technically evaluate the new audit and to provide user experience which 
can be used to improve the audit and its implementation requirements prior to its expansion for 
national usc. 

The North Carolina Field Test is a cooperative effort supported by the U.S. Department of 
Energy's Weatherization Assistance Program, Existing Building Research Program, and Atlanta 

Support Office; the State of North Carolina Department of Economic and Community Devel
opment; and the North Carolina Alternative Energy Corporation. The Alliance to Save Energy, 
the Oak Ridge National Laboratory, and three weatherization subgrantees in North Carolina are 
also participants in the evaluation. 

The field test design allows side-by-side performance testing of the new, computerized audit 
and North Carolina's current weatherization audit. A key feature of the new audit, as contrasted 
to a set list of priorities, is that its computerized selection technique actually evaluates the 
expected performance of each potential measure for an individual house. The program then 
ranks the recommended measures in the order that they should be installed based on their 
benefit-to-cost ratio. These features allow an individual house to receive the measures it needs 
most and provides a hou~c:-specific priority list that can be used when weatherization funds are 
limited. The audit also considers measures specifically directed at reducing cooling energy in 
addition to heating energy reductions. 

One-hundred twenty houses were identified and equa!ly divided into two weatherization 

groups and a control group. A variety of heating system types are represented in the sample 
including space heaters, wall and floor furnaces, and central furnaces. Represented heating fuels 
arc kerosene, natural gas, propane, and fuel oil. Whole-house electricity, water heating, space 
heating, and cooling energy use were measured weekly at each house. Individual house indoor 
temperatures and outdoor weather conditions at centralized weather stations were measured 
hourly. 

The two weatherization approaches installed attic and floor insulations in nearly equivalent 
quantities, and storm windows and wall insulation in drastically different quantities. The field 
test data collection was completed in 1991, and data analysis will continue in 1992. A 
comprehensive final report on the project will also be prepared in 1992. 
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MINNESOTA 

Foundation insulation is typically one of the last and most costly retrofits added to an existing 
single family house. A previous study (Quaid, 1988) found average space heat energy savings 
of 19.2 percent due to foundation insulation in fifteen otherwise well insulated houses in 
Minneapolis, Minnesota. Quaid's study, however, did not control for air sealing coincident with 

the retrofit, and relied on self-reported data with regard to bascmeat heating. 

A field study of ~'undation insulation was conducted in Minnesota to further exan1ine 
foundation insulation (Robinson 1991 ). This field study was conducted by Robinson Technical 
Services. The objective ofthis study was to measure the savings due only to retrofit foundation 
insulation. The study was designed to evaluate the effectiveness of foundation insulation in 

reducing basement conductive heat loss. The study design controlled for foundation air leakage 
and intentional basement heating. 

Since foundation insulation is a pem1anent retrofit, a before-after experimental method was 

used with ten houses receiving interior insulation and ten receiving exterior insulation retrofits. 

Fiberglass insulated stud walls were used for eight of the interior retrofits and extruded 

polystyrene was used for two. All ten exterior retrofits were done using extruded polystyrene. 
For various reasons, such as change of owner/occupant, five houses were deleted from the final 
analysis. 

To control for basement heating, basement supply and return registers were closed or sealed 
and foundations were air scaled during the study. None ofthc basements was heated for comfort 
or used as daily living space. 

Houses were visited quarterly to check homeowner meter readings, to service thermographs 
located in the basement and ncar the thermostat, and to observe any changes in basement usage. 
Homeowner read weekly data were collected on 18 houses for the duration of the study. Two 
houses were submetercd using data acquisition systems. 

Retrofit performance was evaluated by comparing the total energy input within the envelope 

before and after the retrofit A linear two-parameter model (nom1alizcd thermal load model) of 

total load versus the outside temperature \vas used for this analysis. 

The average energy savings for the interior and exterior rctroftts were 92 and 24 thcrm/yr, 
respectively. These savings were 7.9 and 3.0 percent ofthe pre-retrofit space heat energy use. 
Aggregate payback periods for the interior retrofits with and without a finished wall were 42 
and 23 years, respectively, with minimum values of 23 and 12 years. The average costs for 

these retrofits were $2130 and $1173 with and without a finished wall, respectively. The 
aggregate payback period for the exterior retrofits was 129 years, with a minimum of 3 7 years. 
The average exterior retrofit cost was $1675. 
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On the average, the houses in the study achieved only about one-third of the whole-house 
energy savings that were predicted by a two-dimensional finite difference model. Savings may 
have been overpredicted by the model, since it assumed a co11stant and uniform basement air 
temperature and did not include effects of basement air stratification on whole-house energy 
use. 

Model calculations indicated that, in order for foundation insulation retrofits to achieve 
payback periods of ten years or less, they must be applied to intentionally heated spaces 
(Table MNl). The accuracy of the model for these results was verified by comparing model 
results to measured data obtained from a uniformly heated below grade test module. 

\ 


Table MN1-Economic analysis of :aJverage first year savings 
based on modeled performance of heated basements 

Cost of Cost of 
First year Retrofit Conserved Simple Paybafenefit-to-Cost 
savings ($) Energy ($/therm) (yr) Ratio 

($/yr) 
- ~~ 

I With Without With Without With Without With Without 
Finish Finish Finish Finish Finish Finish Finish Finish 

1 Interior 272 2130 1173 0.28 0.15 7.8 4.3 1.96 3.67 

Exterior 162 1675 0.37 10.3 1.49 

Both 228 1948 0.31 8.5 1.77 

Note: Values are based on modeled performance of 15 houses in the final analysis. Savings 
were calculated using the two-dimensional finite difference model and pre- and post-retrofit 
basement temperatures of 68°F. 

·

Regression analysis of savings as a function of the area insulated showed that the addition of 
a single savings loss parameter to the analysis, where the loss parameter is related to house 
configuration, yielded regression models for both the interior and exterior insulation cases that 
explained 80 percent or more of the observed savings. The loss parameters were the height of 
the house and the reciprocal of the depth ofthe insulation below grade for the interior and exterior 
insulation cases, respectively. 

Insulation applied in an uncontrolled basement produces highly variable results, and has the 
principal effect of increasing the temperature and comfortofthc basement, ratherthan producing 
cost-effective whole-house energy savings. li.:;ing these same retrofit and energy costs, modeled 
energy savings indicated conditioned basements can be insulated to enhance comfort and to 
obtain cost-effective energy savings. 

Based on the results of this study, additional research is indicated to find alternative strategies 
to reduce the energy use of unconditioned or uninhabited basements. The regression results in 
this study indicate that interzone coupling and retrofit induced losses (which included increased 



basement temperatures) appear to be very important, but these factors arc poorly understood. 

Therefore, the effect of air stratification and internal air movement on t11c effectiveness of 

foundation insulation needs further exaiilination. 

OKLAHOMA 

A cooperative, cost-shared field test was performed in 81 occupied low-income, single-family 
houses in the Tulsa, Oklahoma area (Ternes 1991 b) The objectives of the field test were to 
determine the space-cooling electricity consumption of low-income houses equipped wiili 
window air-conditioners, the reduction in consumption due to energy conservation measures 
(ECMs) installed under Oklahoma's Weatherization Assistance Program (WAP), and the 
additional reduction due to two ECMs designed to reduce space-cooling electricity consump
tion: attic radiant barriers and replacement of low-efficiency window air conditioners with 
high-efficiency units. 

The 81 houses were divided into a control group and three treatment groups: ECMs perfonned 
under Oklahcma's W AP, WAP ECMs plus a truss-mounted attic radiant barrier, and WAP 

ECMs plus a high efficiency air conditioner to replace a less efficient unit. A standard set of 

ECMs (selected specifically to reduce space-heating energy consumption) is installed in each 

low-income house serviced by the Oklahoma W AP: caulking and weatherstripping is per

formed first, attic insulation levels are increased to a thermal resistance of R-19 using blown 

cellulose insulation, and storm windows are repaired or installed. The attic radiant barrier used 

in the field test consisted of a material with two low-emissivity surfaces and was attached to the 
underside of the roof rafters and on the gabled ends of the attic. In each house receiving a 
replacement air conditioner, one window air conditioner with an Energy Efficiency Ratio (EER) 
less than or equal to 7.0 was replaced by a high-efficiency unit (EER greater than or equal to 
9.0) having about the same capacity as the original unit. In houses with two existing units 
meeting this criterion, the unit with the greatest pre-weatherization electricity consumption was 
replaced. All units older than four years were assumed to be eligible for replacement because 
actual EER ratings were not available. 

The field test was a cooperative effort involving six organizations. The Alliance to Save 

Energy helped initiate the project by bringing together the principal participants and provided 
managerial support throughout the project. The State of Oklahoma (Department of Commerce) 

funded Wa-Ro-Ma Tri-County Community Action Foundation through the WAP to perform 

most of the field related tasks which included identifying houses, installing instrumentation, 
collecting data, and performing all weatherization activities. Public Service Company of 
Oklahoma assisted in instrumentation installation and data collection, and also provided mana
gerial support throughout the project. The Oak Ridge National Laboratory designed the study, 
managed the data, and executed the analysis. The Reflective Insulation Manufacturers Asso
ciation donated radiant-barrier material and provided training for installation of the material. 

To study air-conditioning electricity consumption and savings, new field measurement and 
analysis methods were developed. The electricity consumption of each individual air condi
tioner, indoor temperature of each house, and outdoor temperature were measured at weekly 
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intervals. Pre-weatherization measurements were made from June to September 1988. Post
weatherization measurements were made the following cooling season (May to September 
1989). Data for each house were examined individually to identifY data appropriate for two 
air-conditioning electricity consumption-temperature regions: a transitional region, where 
consumption is non-zero but not a function of outdoor temperature or outdoor-indoor tempera
ture difference, and a linear region. Regression analysis of pre- and post-weatherization data 
falling within the lin "lr region were used with a simpler analysis of transitional region data to 
estimate annual air-conditioning eiectricity consnmption and savings normalized to historical 
outdoor temperatures and pre-weatherization indoor temperatures. 

The study results show that programs directed at reducing space-cooling electricity consump
tion will more likely be cost effective if targeted at clients with high air-conditioning electricity 
consumption and/or ifcosts can be minimized. Current air-conditioning electricity consumption 
sets an upper limit on potential pro
gram savings. Under this field test, 
consumption of the 81 houses aver
aged 1664 kWh/year ($119/year). As 

shown in Fig. OK 1, individual house 
consumptions were quite variable, 
with 10% of the tested houses using 
less than 250 kWh/year and ·')%more 
than 3000 kWh/year. 

Replacing low-efficiency air condi
tioners with high-efficiency units pro
duced measurable savings, with 
increased savings and cost-effective
ness achieved in houses with high in
itial air-conditioning electricity 
consumption. An average reduction in 
air-conditioning electricity consump
t:on of 535 kWh/year ($38/year and 
28% of pre-weatherization consump~ 

tion) was obtained from replacement 

of one air conditioner per house at a 
cost of$947 /house. A vcrage pre- and post-weatherization consumptions arc shown in Fig. OK2. 
For approximately the same cost ($999/housc ), savings doubled to I 068 kWh/year ($76/year 
and 34% of pre-weatherization consumption) in houses with initial air-conditioning electricity 
consumption greater than 2500 kWh/year. 

Air-conditioning electricity savings produced by ECMs installed under Oklahoma's W A P or 
b:; combining a tr ~ss-mountcd attic radiant barrier with these ECMs could not be detected under 
the field test (sec Fig. OK2). ECMs installed under Oklahoma's WAP (chosen based on 
effectiveness at reducing space-heating energy consumption) should continue to be justified 
based on their space-heating energy savings potential only. Attic radiant barriers should not be 
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TEXAS 

included in the program if alternatives 

with verified savings arc available 

and/or until further testing demoiJ

stratcs energy savings. Recommen

dations regarding attic radiant barriers 
arc based on the measured air-condi

tioning electricity savings only. Com
fort improvements, especially in the 
portions of the houses that were not air 

conditioned, could not be addressed 

from this study. 

It must be emphasized that these re
sults arc limited to air-conditioning 
electricity savings. Further, these re

sults arc most pertinent to the Okla

homa WAP and other low-income 

programs dealing with houses, occu

pants, and climate similar to that en

countered in the fiel:i test (e.g., houses 

cooled by one or two air conditioners, 

occupied by low-income families, and 

located in a climate similar to that of 
Tulsa, Oklahoma). 

Replacement of residential central air conditione1,; with high-efficiency units was examined 

in a field test in Austin, Texas (Burns 1991 ). This field test was conducted by The Fleming 

Group in cooperation with the City of Austin. The objective ofthis study was to determine the 
energy usc and electric demand impacts of replacing older, low-efficiency air conditioners with 

high-efficiency units. In this project, an analysis approach to predict the effect of such a retrofit 

was also developed. 

Electric energy perfom1ancc data was collected on twelve houses during two cooling seasons 

(pre-retrofit and post-retrofit). Existing low-efficiency units were monitored during the 1987 

cooling season and \Vcre replaced during the 1987-S8 heating season \Vith new, smaller-sized, 

high-efficiency units (Fig. TX I shows the distributions of pre- and post-retrofit units) that were 

monitored during the 198S cooling season. 

The air conditioner retrofits in this project reduced both the annual air conditioner electric 
consumption and the peak demand by an average of about 40%). Normalized average demand 

reductions were 1.1 W/sq ft of conditioned area, and normalized average annual energy savings 

were 1.4 k\Vh/sq ft. 
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Those familiar with box plots will understand the quartile dis
tributions shown, The key information in this plot is that the 
mea11 change in size wao; from about 3 to 2,5 tons and that 
the EER increased from about 6,7 to 11_5 (all new units had 
an E ER of 11,5 except one unit at 10,2), The air conditioner retrofits in Austin arc 

effective in reducing annual air conditioner 
electric consumption and peak electric demand, Cost-effectiveness of the replacements was not 
expectec! to be good, since dollar savings are not quite large enough (in the range of$150-200/yr) 
to justify replacement offunctioning units_ The results from this study were expected to be used 
when considering development of a conservaf,on program targeted at increasing the efficiency 
and reducing the size ofunits installed when an air conditioner is being rcpl~ccd for other reasons 
(such as a unit thlt can no longer be repaired cost effectively), When an air r.onditioncr is being 
replaced for other reasons, only the incremental cost of the new unit is consid<.;red in the 
cost-benefit analysis, and the replacements studied here would be highly cost effective based 
only on the incremental cost 
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Air cond itioncr power demand at individ
ual sites was a well-defined function of 
outdoor air temperature for both pre- and 
post-retrofit periods, As an aggregate for 
all sites, air conditioner energy consump
tion was a strongly linear function of out

door temperature_ The most successful 
relationship that emerged was daily air con
ditioner electric consumption as a function 
ofdaily average outdoor temperature_ 

Analysis of the retrofit effect using 
PRlSM yielded an estimated 30% reduc

tion in the annual cooling energy consump
tion, This compares with the 38% 
reduction in annual cooling energy con
sumption estimated with direct monitoring, 
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DEVELOPMENT OF IMPROVED TOOLS 

MOTOR CURRENT SIGNATURE DIAGNOSTICS FOR AIR CONDITIONERS 

A large percentage of existing building air conditioners, heat pumps, and chillers operate at 
low efficiency and reduced capacity due to a variety of problems. One common problem is 
improper refrigerant charge, caused either by !cab in the system or improper charging when 
installed. For one system tested at ORNL, a 26% reduction in refrigerant charge caused a 23% 
loss of efficiency and a 3 1% loss of capacity. 

An exploratory study has been completed by ORNL to determine if motor current signature 
(MCS) can be used as a diagnostic tool to identify equipment with low refrigerant charge. The 
MCS refers to the high frequency noise signals 
or other variations in the electric current of the 
motor that can be detected witi. simple, non-in
trusive clamp-on sensors. The initial test 
(Miller 1991) showed that at least three different 
parameters could be determined from the MCS 
that varied with refrigerant charge when a test 
heat pump was operated at closely controlled 
conditions. A followup test used a much smaller 
through-the-wall air conditioner to examine the 
sensitivity of these MCS parameters to field 
conditions, such as variations in indoor and out
door temperature, line voltage, and evaporator 
air flow. One of the parameters, which was de
termined from transient current flow during 
startup, was found to be insensitive to variations 
of temperature, voltage, and evaporator block
age. As shown in Figure MCl, when measured 
values of this parameter were divided by the 
value at optimum refrigerant charge (to provide 
a dimensionless value from zero to one) and 
plotted against the refrigerant charge fraction 
(fraction of full charge), all test data for the two 
very different units fell on the same line. Tests 
to date arc encouraging and continue to support 
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FRACTION OF FULL REFRIGERANT CHARGE 

figure MC1-MCS startup fraction 
indicates refrigerant charge 

The MCS startup fraction is the value of the \ICS 
startup parameter divided by the value of the MCS 
startup parameter at full refrigerant charge. 

the technical feasibility of developing a simple diagnostic tool to indicate low refrigerant charge 
in air conditioners. 

DUCT SYSTEMS 

Thermal-energy distribution systems arc an important part of the systems providing heating 
and cooling to conditioned building spaces. In the U.S., we estimate approximately 4 quads of 
primary energy annually passes through thermal distribution systems in buildings. Based upon 
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an assumed efficiency of75% for existing systems, an improvement in the efficiency ofthose 
systems to about 87% (50% reduction in losses) represents an annual savings of more than 0.5 
quads of primary energy, or an annual cost savings of over 4 billion dollars. Moreover, the 
electrical demand load shape due to inefficient distribution systems is even more peaked than 
general cooling demand (due to the increased fractional on-times caused by inefficiencies during 
peak periods), which implies that distribution system efficiency improvements can provide even 
larger savings in peak electricity demand. 

Since ducted forced-air heating systems are an important thermal distribution system in 
buildings, the Existing Buildings Research program funded Lambert Engineering to conduct 
field studies of duct sysi:ems in the Pacific Northwest. Field data on duct losses was sparse prior 
to this project, and the economics of sealing ducts as a retrofit was not well understood. The 
objective of this project was to assess the energy impact and economics of duct losses and to 
test techniques for measuring and locating duct leakage. 

TI1e project examined the energy impact of ducted heating systems in two studies. The first 
study (Robison 1989a) was a statistical analysis of400 homes constructed to the Model Conser
vation Standard (MCS) of the Bonneville Power Authority (Bonneville) and 400 "current 
practice" homes as a control group in the Bonneville Residential Standards Demonstration 
Program (RSDP). The groups are comparable and serve as "test-reference" samples. Data 
used were from blower door tests- 4 Pascal Specific Leakage A rea and 50 Pascal Air Exchange 
Rate--and the Specific He(l.t Loss Factor determined from monitored energy use. The second 
study (Robison 1989b) W8S a field investigation of20 RSDP houses with ducted heating systems 
using blower door and tracer gas tests. 

The major results ofthe "test-reference" statistical study were: 

I) Ducted homes have 12-26% more air leakage; 


2) Heating energy use/sq ft of heated area of due ted houses is 13-40% higher than for 

unducted houses; 


3) Duct losses were higher in current practice houses than in the more energy-efficient 

MCS houses. 


The field investigation results are summarized as follows. 

I) Duct leakage is highly variable. Ten percent of the houses showed no significant 
leakage while I 0% showed severe leakage. 

2) On average, duct leakage reduced heating system efficiency by 12%. 

3) The presence ofh.:ating ducts increased the apparent leakiness of houses by about 
I 0% based on blower door tests (4 Pa ELA and 50 Pa air exchange rate). 

4) Tracer gas tests showed that fan-driven losses dominate infiltration while the furnace 
fan operates, causing an increase of about 0.5 air changes/hour. 

5) Flow hood tests showed that return ducts leaked twice as much as supply ducts during 
fan operation. 
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6) Interaction of fan-driven and natural infiltration appeared to be more consistent with 
linear addition of air flows rather than addition of flows in quadrature. 

7) About one quarter of the duct leakage could be located and repaired. 

8) Estimates of energy savings from duct repairs averaged 375 kWh/year, which led to a 
simple payback of about four years. 

Duct-related energy losses are significant in recent vintage houses with ducted heating 
systems. Duct leakage should be eliminated during construction as much as possible because 
repairability is difficult after construction. Ducts should also be located in heated spaces as 
much as possible. Duct leakage repair can be an ecollomically attractive retrofit, especially for 
weatherization programs where fixed cos~s are spread over other retrofit measures. 

These field studies showed that additional work is needed on diagnostic techniques and models 
to improve the predictability ofduct leakage. Whole house blower door testing does not appear 
to provide an adequate testing technique. Direct testing of isolated ducts with a "flow-hood" 
appears to provide a higher precision level of results. 

Since the time of this study, other significant resear~h on ducts has been conducted for several 
organizations. Ongoing work in Florida has led to important improvements in understanding 
the influence of duct leakage on pressure differences in houses in Florida. Savings of air 
conditioner energy use of 18% have been reported for homes in Florida resulting from duct 
repair (Cummings 1990). The nature ofduct impacts on air tightness or leakiness measurements 
in homes in California has been studied (Wilcox 1990). Duct leakage was one ofthe significant 
problems discovered in a study of causes of high air conditioning costs in California (Proctor 
1991 ). Duct systems have been receiving much additional research attention in recent years. 

In response to the need for improved knowledge on ducted distribution systems, the Existing 
Buildings Research program initiated a three-year research program focused on improving the 
efficiency of thermal energy distribution systems in 1990. This program is co-sponsored by the 
California Institute for Energy Efficiency. The duct system program is managed and conducted 
by Lawrence Berkeley Laboratory (LBL). 

The first year of duct research included: 1) a telephone survey of HVA C contractors, 2) the 
development and use of a two-day air-distribution diagnostic measurement protocol, and 3) the 
development of an integrated air-flow/thermal-pcrfom1ance simulation tool. l11e focus of the 
work is California residences, which is essentially a focus on crawlspace and slab-on-grade 
houses. In these types ofhouses, the dis~ribution system typically passes through unconditioned 
spaces (attics or crawlspaces), and these configurations are common throughout most of the U.S. 
sun belt. 

Some of the more salient indications for California from the HVAC-contractor survey were: 

l) The vast majority of new duct systems arc installed in attics, 

2) The vast majority of ducts installed arc R-4 insulated flexible plastic, 

3) Approximately three quarters of the ducts arc scaled with cloth duct-tape only, and 
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4) 	More than half of the contractors said they would be interested in being paid to make 
post-installation pcrfonnancc checks, and arc capable of installing water/refrigerant 
distribution or conditioned-space air distribution systems. 

The objectives of the field diagnostic measurement program are to provide high-quality data 
for characterizing the California resider.tial air-distribution stock (including its retrofit poten

. :;a!), defensible input data for perfomtance-simulation efforts, and refined measurement tools 

for use in larger-scale projects. 

The two-day diagnostic measurement protocol developed includes measurements of: 

1) Supply and return-duct leakage to outside by three independent techniques, 

2) Supply and return-duct pressures and overall building air infiltration with and withot:t 
distribution-fan operation, 

3) Interzonal and envelope pressure differences created by distribution-fan operation 
with interior doors closed, including measurements of the driving flows, 

4) Tern perature variations between the supply plenum and several registers to 
characterize the duct conduction losses, 

5) Crawlspace and attic temperature changes due to system operation, 

6) Documentation of house and equipment conditions, including duct-system leakage 
sites. 

To accomplish these measurements within a two-day period while minimizing instrumenta
tion- and operator-induced uncertainties, a prompting, automated data acquisition system was 
developed for this purpose. This system was successfully used in six houses in 1990 and 30 
houses in 1991. 

To obtain credible estimates ofairdistribution system performance, an hourly simulation tool 

was developed. This tool is based on a multi-zone flow simulation (MOVECOMP) for a 
residential air distribution system in a typical California house, coupled to a thermal simulation 

ofthe same house (DOE-2). The long-tenn objectives of developing this tool are to provide the 
capability for: 

1) Simulating annual energy, peak-load and ventilation implications of residential air 
distribution, and 

2) Simulating the effectiveness of alternative distribution technologies and retrofit 
options. 

The air-flow simulation portion ofthis tool is up and running, and will be combined with the 

thermal simulation model and applied in the coming year. The coming year will also sec the 
initiation of research to develop novel duct-scaling technologies and complete retrofit protocols. 
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MOBILE HOME RESEARCH 

A controlled environmental enclosure has been developed to allow testing of weatherization 
measures for pre-1976 vintage (pre-HUD-Standard) mobile homes under controlled conditions 
(Judkoff 1990). Pre-HUD-Standard mobile homes use from 1.25 to 2 times the energy per 
square foot of comparable site-built houses. Their unique construction makes them difficult to 
weatherize effectively using the measures and techniques developed for site-constructed dwell
ings. 

In addition to the Existing Buildings Program, this work was supported by the National 
Weatherization Assistance Program (DOE/WAP), the seven states comprising Weatherization 
Region VIII, the Colorado Division ofHousing, and the DOE Denver Support Office. The Solar 
Energy Research Institute designed the testing program and equipment and managed the 
experimental data collection, data management, and analysis of results. 

A study conducted by Meridian Corporation for DOE indicated that weatherization ofmobile 
homes resulted in simple paybacks (cost of weatherization divided by first year cost savings) 
of about 21 years. Site-built houses weatherized yielded a simple payback of about 11 years 
(CSR 1989). Because of the apparent problems with weatherizing mobile homes, a testing 
program was started to provide some hard data on the thermal effectiveness of various weath
erization techniques. 

Under this program, a mobile home is moved into the environmental enclosure (converted 
warehouse, Fig. MH I) and tested in its initial condition to determine the heat losses from 
infiltration and conduction, and to detcnn ine the delivered heat efficiency of the furnace and 
duct system. A single weatherization 
measure is then installed and the test
ing is repeated to determine the 
change in conductive and infiltration 
losses and delivered heat efficiency 
due to that mea~ure. This process is 
repeated until the individual effects of 
an emire set of weatherization meas
ures have been determined. 

Eight mobile homes have been 
tested. Each test usually takes only 
one or two nights, so it has been pos Figure M1-11~.A truck m,:.ves a mobile home into 
sible to combine testing with training the environment~! enclosure (warehouse) 
\Vorkshop!;. The trainees install a 
mea::;ure one day and find out how 
effective their work has been the neAt. To date a number of weatherization measures h<\ve been 
tested, including: 
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(!) Air sealing and duct repair 
(using blower door and 
tracer gas) 

<II Furnace tune-ups 

6> Interior storm panels 

<!) Window repairs and 
replacements 

(iii Blown-in insulation in the 
belly (fiberglass and 
cellulose) 	

(!) Insulation wrap of the belly 

® Skirting and insulated 
skirting 

0 Blown-in insulation in the 
roof (fiberglass and cellulose) 

Ill Roof cap insulation 

<II Wall insulation 

Figure MH2 shows the cumulative 
building heat loss coefficient associ
ated with a series of weatherization 
measures installed on mobile home 
#4. The bottom and top portion of 
each bar represent the conductive and 
infiltration portions of the heat loss 
respectively. The installation of all 
weatherization measures resulted in a 

CMFERT Mobile Home #4
BLC (Btu/h-F) 

lii!i!!!! Conduction [ill] Infiltration 

Base storms Heat Blown-in Blown-in Blown-in 
Waste Roof Belly Wall 

Infiltration 78.5 72.6 39.6 20 13.3 10 9 
Conduction 336.5 297.4 297.4 261 220.7 183.1 
Total ·115 370 337 281 234 194 

Figure MH2---i'Jleasmed cumulative overall 
building loss coefficient (BLC) for various 

measures 

CMFERT Mobile Home #I Thru #7 

Reduction in BLC (%) 

llili stundard Package CJ Non-std Variations 

H.M~J~~'{g~CJl~~~~y.)'~g,,~~~ ~~~ i.:l~~~i~~~Rsutauon 
117 receiVid''btown-in wallmsulat1on J'nd no blown-in belly msulat1on 

Figure MH3-Measured reductions in BLC for 
each mobile home con'liguration 

44 percent reduction in the heat loss coefficient due to blower door directed air sealing, duct 
repair, furnace tune-up, interior storm panels, blown-in insulation in the belly, and blown-in 
insulation in the roof. A new wall blowing method was developed that reduced the heat loss 
coefficient by an additional 9%. 

Figure MH3 shows the overall percent reduction in heat loss coefficient for each of the rnobi le 
homes that were tested. 

Figure MH4 shows the increase in deliverr~d heat efficiency due to weatherization of five of 
the mobile homes. Scaling holes in the ducts, belly blow, and furnace tunc up all increase 
efficiency. 
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CMFERT Mobile Home Ill Thru 115 

Increase 1n efficiency (%) 
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lntcnor Hoat Blown-in Blown-tn Blown-tn Roof Cap Bolly SI<Jrt 
Storm1> War.tc Belly Wall Roor lns.t·latJon Wrap Insulation 

Figure MH5-Average measured savings 

(reductions) in BLC for 


each mobile home configuration 


Units #2, #3 and #4 showed larger 
efficiency increases than unit# 1 and 
#5 primarily because they began with 
larger leaks in their duct system. 

Figure MHS shows the average per
cent reduction in heat loss coefficient 
due to each measure based on all eight 
homes tested. 

In general, for colder climates the 

most cost effective measures include: 
blower-door-directed air sealing and 
duct repair. furnace tune-up, interior 
stom1 panels, belly blow(floor insula

#1 #2 #3 114 #5 

~ No Wind ~Wind 

~~;~g~c~F~ci~~~e~t~ ~~~~o/~ (ff%v.ind) 

Figure MH4-Increase in measured efficiency of 
furnace/duct systems 

tion), and roof blow. The roof blow 

and belly insulation may result in 

moisture dan1age if used in humid cli
mates, and these measures should 
probably be researched further before 
being widely applied. 

The blower door has shown itself to 
be an essential t0ol in the weatheriza
tion of mobile homes. Not only dof'.s 
it help crews to tighten the units more 
effectively, but it also prevents over

tightening which can be especially 
dangerous in low-volume buildings. 
The ASHRAE standard air exchange 
rate of 15 CFM/person should be fol
lowed. 

Tests to date have shown skirting, 

insu latcd skirting, roof cap insulation, 
and insulation wrap of the belly to be 
less cost effective. The research also 
indicates that window and door re

placements should only be used when 
repair would be more expensive than 
replacement. Even for jalousie and 
awning windows, money is better 
spent on interior storm panels than on 
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window replacement. Some additional testing was performed with wind emulation (Judkoff 
1991 ), which appeared to con finn these conclusions. 

Finally, the research indicated that cost effective energy savings arc possible if weatherization 
measures are adapted to the unique construction details in mobile homes. 

During the course of this project much was learned about how to better wec.,_herize pre-HUD
Standard mobile homes in cold and relatively dry climates. Questions remain concerning how 
to properly weatherize mobile homes in cold-moist, hot-moist, and hot-dry climates. For 
example, whether roof blows, belly insulation, or air tightening will lead to long-term conden
sation problems in moist climates. Further research on these issues could avoid potential 
problems and allow greater savings in these climates. 

Much of what has been learned by studying pre-HUD-Standard mobile homes is also 

applicable to newer manufactured housing. However, some additional research is required to 

develop an appropriate weatherization package for these homes. 

RADIANT BARRIER RESEARCH 

A special research effort has been conducted to examine a new retrofit measure for single 
family buildings. The new measure is radiant barriers, which are installed in attics of single 

family houses to improve thermal performance. Under joint sponsorship of the Department of 
Energy, the Tennessee Valley Authority, Electric Power Research Institute, and the Reflective 
Insulation Manufacturers Association, the Oak Ridge National Laboratory has led the investi
gation. This research has consisted of both experiments (Levins 1989, 1990) and simulation 
modeling (Cook 1989, Wilkes 1988, 1989, 1990, 199la, 199lb). 

The e/.periments were described in the previous Research Update (MacDonald 1988a) and 
were conducted using three nearly identical unoccupied ranch-style houses in Karns, Tennessee 
(midway between Knoxville and Oak Ridge). Early experiments had been conducted with 
radiant barriers laid directly on top of the attic insulation (the horizontal configuration) and with 

the radiant barrier attached to the bottoms of the rafters (the truss configuration). These 
experiments showed that the horizontal configuration performed better than the truss configu

rations, that percentage savings was larger for the summer cooling season than for the winter 

heating season, and that savings due to radiant barriers were larger when they were used in 
combination with lower levels of conventional insulation (such as R-11 and R-19) than when 
they were used with higher levels (such as R-30), 

Although the experiments have shown the horizontal configuration to give the better perfonn
ance, this application has two potential drawbacks, moisture condensation and dust accumula
tion, which were addressed by further experiments. During the winter of 19R7-l988, an 
experiment was conducted at the Karns houses to observe the effects of moisture.: condensation 
on the underside of a perforated horizontal radiant barrier. Even though the houses were 
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operated at high relative humidities (45 and 55% at 

70°F), there did not appear to be any structural, wet 
insulation, or stained ceiling problems. However, such 
problems might occur in climates colder than that of 
the Knoxville area. 

During the summer of 1988, an experiment was 

conducted at the Karns houses to observe the effects of 

dust accumulation on the performance of horizontal 

radiant barriers. Artificial dusting (Fig. RB l) was used 

to change the radiant barrier emittance from 0.05 to 

either 0.125 or 0.185. The experiments showed that 
even a dusty radiant barrier produces a lower cooling 

load than no radiant barrier. However, as the dust level 

was increased, the cooling load savings decreased. 

With emittances of0.125 and 0.185, the load savings 

were 78 and 49% ofthe cooling load savings for a clean 

horizontal radiant barrier. 

Figure RB1~mage showing clean 
radiant barrier (dar!< squame) 
against dusted barrier (grey). 

In order to generalize the results of radiant barrier experiments, computer models were 

developed for residential attics with or without radiant barriers. A model for the thern1al 
performance of attics was coupled with the DOE-2.1 C model to estimate annual energy savings 

due to radiant barriers. The model was extended to allow estimates of the amount of moisture 

that would accumulate on the underside of a horizontal radiant barrier on an annual basis. Both 
models were partially validated by 
comparing their predictions wi.th HEAT FLUX (Btuh/sq ft) 
measured values of ceiling heat flow 

from a number of experiments (Fig. ... l 
RB2 shows one such comparison), and 

with house loads and moisture conden

sation from the Karns house experi I 
ments. Both models were used to 

I 
estimate annual energy savings anC: I, 

moisture accumulation for a wide 

range of climatic conditions. 

The estimates of annual energy sav 0 12 24 3ll 48 00 72 84 00 108 120 132 144 151J 

TIME (h) ings \Vere used as a basis for an Attic 

Radiant Barrier Fact Sheet that was Figure RB2-Comparison of model prediction!» 
with ceiling he:at flu):(es in full-size house! published by DOE in 1991. The intent a 

Posrtive heat ftuxes are from attic into hous.e. 
ofthis Fact Sheet is to provide consum
crs with a source of unbiased infonna-

tion on which to make decisions about installing radiant barriers. The Fact Sheet was developed 

\Vith the assistance of an industry Radiant Barrier Systems Technical Panel, which consisted of 

members from ORNL, DOE, the Reflective Insulation Manufacturers Association, the Mineral 
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Insulation Manufacturers Association, the Tennessee Valley Authority, the Electric Power 
Research Institute, and the Florida Solar Energy Center. The Fact Sheet tells what radiant 
barriers are, how they work, how they differ from conventional attic insulation, what t~eir 
characteristics are, how much they cost, and what effect they will have on cooling and heating 
bills. The annual energy savings estimates arc presented in terms of a present value savings 
($per square foot of ceiling area, Table RB 1 ), giving numbers that the consumer can compare 
directly with the cost for installation to determine whether or not installation ofa radiant barrier 
is cost effective. In general, the estimated savings arc higher for warmer climates and higher 
when the radiant barrier is added to lower levels of conventional attic insulation. 

During development of the Fact Sheet, three areas were identified where additional research 
is needed. First is the performance of radiant batTiers under winter conditions. Field experi
ments in climates much colder than that of the Knoxville area are needed to provide better 
validation of the models for savings during the heating season. Second, the available experi
mental data on the effects of dust accumulation on energy savings arc not entirely consistent. 
Experiments under well-controlled laboratory conditions are needed to provide better validation 
ofthe model predictions ofthe effects ofemittance changes on energy savings. Also, more field 
data are needed to define better the variation ofemittance with time as dust accumulates. Finally, 
most models and experiments have been concerned with the effect ofradiant barriers on reducing 
the heat flow through the ceiling. In addition to this, truss radiant barriers can reduce the 
temperature ofthe air in the attic space and hence can reduce heat gains to air-conditioning ducts 
that are often run through attic spaces. Additional modeling of the effects on duct heat gains 
are needed, and experiments are needed to validate the model predictions. 
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~~~~·~-~~~~·~~~~~~--~-~~~~~--~-~--~~----~--~~~--~-~---~----~-~-----~-~ 

TABLE R81-Present Value Savings for Radiant Barri-er Att~ched to Bottoms of Rafters 

(Note: R-1 1, R-19, R-30, and R-38 refer to the existing level of conventional insulation.) 

Present Value Savings, 
Dollars per Square Foot of Attic Floor 

~--------------~---------------

City R-11 R-19 R-30 i R-38 

Albany, NY 0.17-0.19 0.08-0.09 : 0.04-0.05 ' 0.03-0.04 

Albuquerque, NM 
' 

0.24-0.27 i 0.12-0.15 i 0.08-0.10 ! 0.06-0.08 
_____,c_______--+--------

---------.----~ 

Atlanta, GA 0.21-0.25 0.10-0.13 1 0.06-0.08 ! 0.05--0.07 
________L 

Bismarck, NO i 0.18-0.20 0.09-0.10 i 0.05-0.06 I 
I 

0.04-0.05 
' ' : lChicago, IL 0.17-0:19 0.08-0.10 0.05-0.06 0.04-0.05I 

!Denver, CO i 0.19-0.22 ! 0.10-0.12 i 0.06-0.08 ! 0.05-0.07 
i ' 'El Toro, CA 0.19-0.22 0.10-0.12 0.06-0.08 i 0.05-0.07 


Houston, TX 0.23-0.28 i 0.12-0.15 0.07-0.10 ) 0.05-0.08 

~------------~--------~ ~---------~ 

Knoxville, TN : 0.22-0.25 ; 0.11-0.13 : 0.07-0.09 i 0.05-0.07 
f--------------------~----------------------------L-----__j__________ 

Las Vegas, NV : 0.30-0.36 . 0.15-0.19 0.09-0.12 i 0.07-0.10 

Los Angeles, CA 0.11-0.12 
: i 0.06-0.07 

' 
, 0.04-0.05 

i 
0.03-0.04 

' 
Memphis, TN ' 0.23-0.27 0.11-0.14 0.07-0.09 1 O.OS-0.08 
r--~-------~-----------------------~----~, 

Miami, FL 0.28-0.3? 1 0.15-0.20 i 0.09-0.13 0.07-0.10 
r-------~~~------~,-·------------t- I ---~·-------

Minneapolis, MN , 0.18-0.19 . 0.08-0.10 • 0.05-0.06 1 0.02>-0.04 
---------------------~---------------~--------! 

Orlando, FL . 0.26-0.32 0.13-0.17 . 0.08-0.12 i 0.07-0.10 
f-------------------------------------~---·-·-·-------~-----~-.0.-- -------------------~'-------------

Phoenix, A.Z _ 0.36-0.43 . 0.17-0.23. 
! i

0.10-0.14 i 0.08-0.12 
---------------------------------..----~-

Portland, ME · 0.14-0.15 0.06-0.06 ' 0.03-0.04 : 0.03-0.03 
~- ---~---------------~-----~-------- -"-------- 

Portland, OR 0.14-0.16 1 0.07-0.08 0.04-0.05 ! 0.03-0.04 
r-- ·--~--~--------------:-------~ 

Raleigh, NC ._ 0.20-0.24 \ 0.10-0.12 • 0.06-0.08 1 0.05-0.07 
r-------------------·-·-..-~---..-------·-·c-------~-----L----·--
~Ivers!de, CA 0.27-0.37 0.13-0.17 0.07-0.10 0.06-0.08 

I Sacramento,~-------·___()_.23-0.26 ~~·-~?~0.14 0.07-0.10 ·-~--
Salt Lake City, UT 0.21-0.24 0.10-0.12 0.06-0.08 . 

f---------------------..----------..-------------------.. -~-~-----·-,__________ 

St. Louis. MO 0.21-0.24 0.10-0.13 0.06-0.08 0.05-0.07 
---------~--~- -------- -----------------~--------~---~---~-------------~ 

Seattle, WA 0.11-0.12 0.05-0.05 0.03-0.03 0.02-0.02 
-------------~-- ----------~ -----------------~----~---------~ ---~---------------~----------

Topeka, KS 0.22-0.26 0.11-0.13 0.07-0.09 0.05-0.07 

Waco, TX 0.26-0.31 0.13-0.17 0.08-0.11 0.06-0.09 

Washington. D.C. 0.20-0.23 0.09-0.12 0.06-0.07 0.05-0.06 

NOTE: First value applies to houses with no air-conditioning ducts in attics. Second value 
applies to houses with air-conditioning ducts in attics. 

Values in table are based on a radiant barrier with an emissivity of 0.05 or less and a 25 year 
life. 

http:0.05-0.07
http:0.07-0.09
http:0.11-0.13
http:0.22-0.25
http:0.05-0.08
http:0.07-0.10
http:0.12-0.15
http:0.23-0.28
http:0.05-0.07
http:0.06-0.08
http:0.10-0.12
http:0.19-0.22
http:0.05-0.07
http:0.06-0.08
http:0.10-0.12
http:0.19-0.22
http:0.04-0.05
http:0.05-0.06
http:0.08-0.10
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IVIULTIFAMILY BlJILDINGS 

Of the three buildings sectors, single-family, multifamily, and commercial, multifamily has 
had the least level of activity, and presents some of the greatest challenges. Over one quarter 
of the U.S. housing stock is in multifamily buildings. While we know something ~bout the 
perfom1ance of retrofits in single-family houses, we still have much to learn about the interac

tions and performance of retrofits in multifamily buildings. The measured savings from retrofits 
in multifamily buildings are typically 25-50% less than the predicted savings, with a large spread 
around the mean. The Existing Buildings Research program is working to reduce these 
uncertainties. 

Field tests \Vere previously conducted in Chicago and St. Paul, Minnesota, which provided a 
large source ofdata on the energy usc characteristics ofthese buildings. These data are currently 
being used to develop improved tools for estimating and evaluating the performance of retrofits. 
Field tests that the program is currently working on are described below. 

RETROFIT PERFORMANCE DEMONSTRAT~ONS 

Two proposals selected for the DOE Competitive Solicitati0n (see section on DOE Competi
tive Solicitation) involved field tests of retrofits in multifamily buildings. The Lavvrcnce 

Berkeley Laboratory (LBL) provides technical assistance on these projects. and the Existing 
Buildings program benefits from use ofproject results. 

BURLINGTON, VERMONT 

A field test involving retrofits of 335 multifamily units is being conducted in Burlington, 
Vermont. The projer;t was conceived and is being carried out by a local non-profit housing 
organization (Northgate Housing) and the local electric utility (Burlington Electric Department). 
The apartments have been converted from electric-baseboard heating to gas-fired hydronic 
systems, with additional retrofits to the building shell and equipment. 

The idea driving this project is that if the units could be made energy-efficient. then the lower 

utility bills would allow tenants to pay their bills more easily. The retrofit work (new hydronic 

space heaters, new siding, windows, insulation) has been completed. Blower door tests were 
made of the pre-retrofit and post-retrofit condition, and a survey has been prepared by LBL, 
working with BED and Northgate Housing to assess tenant satisfaction. Additional work 

planned by LBL will be to simulate the buildings to estimate the contribution of the individual 
measures where possible, and to analyze the utility bills to determine the overall energy savings. 
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NEW YORK 

The second project is with the New York State Energy Office, and involves monitoring two 
retrofit strategies in 30 apartment buildings in New York City. The retrofits arc the replacements 
ofthe central boilers and the installation of new windows. The space-heating energy consump
tion will be monitored for two years to examine the persistence of savings. In addition, tests will 
be made periodically to evaluate the durability of the measures. 

DEVELOPMENT OF IMPROVED TOOLS 

MULTIFAMILY AUDIT 

AM ultifamily Audit was developed under contract to Princeton University. Bused on material 
developed by Princeton and LBL, the audit outlines the steps to evaluate, select, and anaiyze 
the performance of the retrofits in a multifamily building. A draft of the audit was pref)arcd in 
conjunction with the joir.: T)rinceton!LBL multifamily diagnostic demonstration and a di'<lft fur 
distribution was made availaole in 1989. Feedback from users of the audit indicate,.i thanhe 

audit was too technical for m0st practitioners in the field, and a simplified audit was developed 
in 1990 in conjunction with multifamily offices at HUD. 

MULTIFAMILY DIAGNOSTICS 

Diagnostics for energy use in multifamily buildings that have been developed or are currently 
under development include testing procedures covering: boiler efficiencies, distribution losses, 
shell and inter-apartment air leakage, and household appliance efficiencies. 

Air leakage diagnostics were performed using three different multizone leakage measurement 
techniques. Rather than starting the tests on an actual apartment building, as was done pre
viously, the experiments were initially performed under controlled conditions in a single-family 
house that had been divided into two zones with a panel having known leakage characteristics. 
Two of the techniques tested used blower doors, whereas the third technique was based upon 
the AC pressurization apparatus. The two blower techniques differed in the way the pressure 
differences between the two zones were varied, and the manner in which the data was analyzed. 

Following the development of these techniques, diagnostic tests were used on a ten-unit 
apartment building to determine air flows between units and to the outside. Results from these 
tests showed that the individual apartments were quite leaky to the outside, but had very little 
leakage between units, in contrast to the older buildings studied previously (Modera, Brunsell, 
Diamond, 1986). 
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RETROFIT MODELING 

Two models have been developed using the data obtained from the Chicago and St. Paul field 
tests. The first model simulates the air flow through combustion appliances (i.e., heating and 
hot water systems) that exhaust through a common chimney, a situation that is typical in ma..'1y 
multifamily buildings. The model can be used to predict the performance of retrofits such as 
vent dampers or flow restrictors based upon the physical configuration and operating charac
teristics of the system (Dumortier and Modera, 1987). 

The second model characterizes the seasonal efficiency of multifamily boilers, taking into 
consideration the venting issues described above, as well as jacket and ground heat losses. The 
jacket losses from these older brick-set boilers were as high as 12 percent. Newer, steel-case 
and sheet-metal boilers had jacket losses of 2-4 percent. More than 80% of the losses \vcre 
found to occur in off-cycle. This model should be capable of providing the data necessary to 
make recommendations for boiler retrofit or replacement. 
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COMMERCIAL BlJILDINGS 

Commercial buildings account for a major portion ofthe energy consumed in the United States 
and iftrenC:s continue, are expected to make up a large percentage of future increases in national 
energy use. As described in the section on The Importance of Existing Buildings, commercial 
buildings appear to have accounted for retrofit energy savings approximately equal to the 
residential sector for the period 1972-1986. Because of these factors, reducing energy use in 
the comrr. ercial sector is an important part of improving energy efficiency ofthe buildings sector 
in this country. Although many building/business owners recognize that building energy costs 
represent an important business expense, often only the larger commercial buildings have the 
devoted staffor other resources necessary to manage and help control their energy requirements. 
With small- to medium-sized buildings (less than 50,000 sq ft) representing more than 96% of 
all U.S. commercial buildings and about half of all floor a1ea, continued energy use reductions 
in the commercial sector will require significant improvements in small- to medium-sized 
buildings. 

An imporl:ant fnr.tor affP.cting decisions to implement energy-efficiency improvements in 
small- to mediunH.ized buildings is the demonstration and documentation of the benefits of 
attractive technologies. However, measurement of retrofit energy savings in commercial 
buildings is often more complicated than in residential buildings, and few retrofit projects in the 
commercial sector benefit from reliable documentation of energy savings results that can be 
used by others. To address these difficulties, the Existing Building Research program is 
directing efforts at understanding and developing methods to measure and report results of 
commercial energy retrofit projects and at obtaining field data on the performance of retrofits. 

RETROFIT PERFORMANCE DEMONSTRATIONS 

TENN:C:~.:,EE 

A field evaluation of a smart thermostat and related temperature control improvements was 
r:onducted in a 4,000 sq ft commercial bank building (Fig. TN 1) in Knoxville, Tennessee (Sharp 
1990). The building consists primarily of office and open business areas. Space conditioning 
is accomplisl:ed by three split-package air conditioners and one central gas-fired hot water 
boiler. 

The field study had three objectives: 
® To demonstrate the energy savings and demand impacts of the installed measures 

® To develop a better understanding of how to measure and analyze baseline and 
improved performance from measured energy use data in small commercial 
buildings 

Ill To improve knowledge of the data requirements necessary to characterize the 
energy performance of commercial buildings 



Figure TN1-0utside view of the bank 
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The efficiency improvements consisted of adding timed setback-setup control to the primary 
heating and cooling system in the building and timed on/off control to two secondary systems. 

The upgrades on the three systems were 
achieved with minimal replacement of 
existing controls. The primary system 
received a new programmable L'1ermo
stat with auxiliary switches that were 
interfaced to the two secondary systt:m s 
to provide timed on/off control. This 
strategy provided more energy efficient 
control of all three systems while leav
ing two of the three user-familiar 
thermostats in place. 

Hourly electricity and gas consump
tion and hourly outdoor temperatures 

are available for this building for the period ofJune 17, 1987 to August 30, 1988. Approximately 
93% of submetered total energy data and 85% of end-use data are available for this period. 
Hourly end use consumption data are available for 38 channels of data, which have been 
aggregated to heating, cooling, fan, lighting, water heating, and miscellaneous end use totals. 
Hourly run times are also available for these data channels. Hourly outdoor temperature data 
were also collected at the site. Monthly utility billing data are available for the period of 
December 1985 to April 1990. The retrofit was activated March 2, 1988. 

Data analyses indicated that the measures were highly effective. Heating energy savings were 
substantial for both weekdays and weekends. The impact of the new control strategy on the 
building's heating energy use profile (though not norm<Jlized for weather) is illustrated m 
Fig. TI\12. During the building's 
unoccupied hours, the heating en
ergy use rate after the retrofit is 
dramatically lower than before. 
"The control changes provided a 
33% reduction in winter heating 
energy use. 

The new control strategy re
duced cooling energy require
ments by 21%. Unlike heating 
energy savings, cooling energy 
savings occurred mostly on week
ends, with essentially no savings 
Oil weekdays. The results of the 
cooling energy savings calcula

GAS USE (kBtu/h} 

BANK BUILDING 


Feb 1 -Mar 28, 1988 


tions are shown in Table TN I, Figure TNl-Hourly heating energy use before and 
after the retrofit 



Table TN1--Impact on Seasonal 

Cooling Energy Use 


Seasonal Cooling Energy Use, kWh 
(normalized based on 1988 weather) 

Weekdays 
Weekends 

Before After 

18335 
5587 

18068 
850 

23922 18918 

Savings 21% 
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Weekend cooling energy use (I<Wh/day) 
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Daily Average Outdoor Temperature 

Figur>i?! TN3-Retrofit impact on cooling energy 
use on wee!-<ends 

f 

normalized to the cooling season weather in 1988 (the pre-retrofit year was 1987). The impact 
on weekend savings is also shown in Fig. TN3, where the estimated pre- and post-retrofit linear 
representations of cooling energy as a function of outside temperature show a dramatic shift. 

The retrofit was installed by a contractor at a cost of $600 in 1988. Total energy savings 

provided a simple payback of less than one year on the controls upgrade. The new control 
strategy time-shifted the electric demand pro
file for the building slightly, and the peak elec
tric load may have increased about 5%. For 
this building, this peak electric load change 

was not a concern because typical building 
loads were well below the 50 kW level where 
demand charges begin. In addition to im
proved energy efficiency, occupants noted a 

comfort improvement in the area controlled by 

the programmable system. 

Controls upgrades ca.11 be done in existing 
buildings at low cost and with minimal equip
ment replacement. Upgrades to achieve set
back/setup and on/off control can provide dra
matic energy savings in buildings where these 

control schemes arc not regularly practiced. Buildings using multiple cooling systems arc 
abundant, and therefore the controls upgrade tested should be applicable to a large number of 
commercial buildings. Implementation of similar controls upgrades and other promising 

measures on a wide-scale, where applicable, could contribute significantly to lowered national 

energy usc. 

L 
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MASSACHUSETTS 

An electric utility company in the Northeast, Commonwealth Energy Systems, through its two 
electric utility companies, Commonwealth Electric Co. and Cambridge Electric Light Co. 
(referred to below as COM/Electric), is currently implementing an innovative, energy conser
vation program for small commercial buildings in its electric service territories in Massachu
setts. Several types of technical assistance are needed, including evaluation of energy savings 
for this new program. The program is being implemented on a large scale to retrofit existing 
buildings to obtain enr·.rgy savings benefits and decrease the need for additional electric 
generating plants. 

The retrofit program is innovative in that the utility is investing in a "conservation power 
plant" by providing engineering design and installation of retrofit measures (direct installation 
program) and paying for the installation of those measures. The utility contracts with energy 
service providers to market the program and install measures. Utility customers arc required 
only to agree to participate. Initially, the primary retrofits will be lighting measures. The 
program is directed toward reaching most ofthis customer segment within about five years, at 
which time COM/Electric expects to go back through this segment to install the technology 
advances that have occurred in the intervening five years. 

COM/Electric is having their contractors survey the energy-using equipment in all buildings 
covered under the program, in order to develop a data base on this equipment that will help 
determine future potential retrofits. Procedures for promoting good practices on the pa.rt of the 
contractors are continually reviewed and adjusted as needed. Life cycle cost analyses must be 
simple to implement in the field, and the approach used is to calculate a present value ofavoided 
future energy use ($/kWh) that can be compared directly to the expected annual savings and 
installed cost of measures. The current present value of this avoided energy use is about 
$0.60/kWh, without environmental externalities included. Significant factors affecting their 
current high costs include their high use of oil for generation and the Seabrook nuclear plant 
coming on line (now included in the rate base). 

Several important program design issues must be addressed in implementing such a program: 

<~~ Analytical review of estimates of energy savings benefits 

@ Development of improved savings estimates where needed 

<~~ Identification of additional energy saving measures for use in the program 

® Planning of field tests to verify savings from measures 

<~~ Evaluation of program benefits and analysis of energy savings results from field 
tests 

t~> Development of improved methods for providing energy services so these 
services can move closer to "real time." 
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The Existing Buildings Research program authorized Oak Ridge National Laboratory to 
pursue contract negotiations with COM/Electric under program auspices, and a contract is now 
in place t•) provide the types of services described above. An evaluation of program energy
saving impacts for the approximately I ,000 buildings served by the pfogram from March 

through September 1990 was started in 1991. 

DISTRICT OF COLUMBIA 

The research woi"k on the energy savings potential ofenergy management controls in the small 
bank in Tennessee-highlighted the potential benefits ofthis type oftechnology-which many 
commercial buildings now use but many also do not. Also, controls technology continues to 
evolve, and emerging energy control technologies for commercial buildings offer continuing 
opport~nities to improve commercial building energy efficiency. A field test of improved 
controls in medium to large commercial buildings in the general location of the District of 

Columbia is presently being planned. The objective ofthe project is to provide credible results 

on the field performance ofthese new technologies. 

Currently, the Potomac Electric Power Company (PEPCO) has expressed interest in partici
pating in such a project to learn more about potential benefits for their demand-side management 
program. Also, the National En~rgy Management Institute (NEMI) has agreed in principle to 
participate as an organization promoting installation of improved controls. NEMI is planning 

to locate candidate buildings for the field test, and PEPCO may provide incentives for additional 
retrofits. Negotiations to set up the project continued through 1991, and a plan for the field test 
will be developed after reasonable progress on the negotiations. 1l1e field test is expected to 
begin in the summer of J992. 

DEVELOPMENT OF IMPROVED TOOLS 

MONITORING GUIDELINES 

The huilding energy monitoring protocol for commercial buildings was developed to provide 

guidance on the most common and basic problems associated with auditing and monitoring, 
including which building descriptive data are important indicators of energy use and retrofit 
savings. The monitoring protocol has recommended a set of b,1ilding characteristic data to 
collect, but it has not been validated with actual field data. The Texas LoanSTAR program is 
collecting detailed hourly data on all buildings to measure the energy savings of retrofit 
measures. Significant experience is being gained under LoanSTAR about the measurement 
requirements for analyzing the energy savings of certain retrofits in large commercial buildings. 
A subcontract has been placed with Texas A&M University to define the data being collected 
under LoanSTAR to analyze these energy savings. A report describing the data they collect and 
the comparisons with the current monitoring protocol will be completed this year and should be 

available in 1992. 



-45

ANALYSIS METHODS 

Initial results from a study of techniques for analyzing metered energy usc data to determine 
baseline energy use and potential energy efficiency improvements in commercial and related 
buildings were reported in the previous Research Update (MacDonald 1988a). The study was 
published in 1989 (MacDonald 1989b), and the methods reviewed in the literature indicate that 
many analysis approaches for metered data of commercial and related buildings are still 
exploratory. Reasonable results are possible for some buildings using simple measures such as 
total energy, but th~ uncertainty of weather variations is sti II present. Weather adjustments for 
heating energy use may be possible, but adjustments for cooling are less certain. 

The inclusion of specific characteristics of the building and of the activities in the building in 
a multiple parameter analysis of energy use is an important improvement to analysis methods. 
Multiple parameter models that analyze effects ofoccupancy, schedule, special events, and other 
inputs in addition to weather factors represent an important step forward. 

Significant improvements to analysis of metered data for commercial buildings are being 

tested, and further improvements arc needed. These improvements should include continued 
development of the multiple parameter methods, development of methods for analyzing more 
detailed (submetered) data (e.g., power signatures), use ofmacrodynamic methods to generate 
models with physical significance, and simplification ofthe methods. 

" 
The diversity of methods leads us to conclude that some effort should be made to develop a 

classification structure to define analysis approaches. Use of this standard structure should be 
promoted for reporting analyses of commercial building metered data. 

In addition to improving the classification and reporting of analysis methods, analysis efforts 
should be extended to focus on characterizing building types (by appropriate parameters) and 
the technologies or approaches commonly used to improve efficiency in particular building 
types. Such an effort is needed to standardize terminology of the types of buildings that are 
being modified and the nature of the efficiency improvements being made. Improved commu
nication is needed to better explain observed variations between b11ildings and to more effec
tively transfer increased knowledge about buildings to more people. 

Advanced research on improving the classification and reporting of analysis methods and 
characterizing building types should be directed at developing relationships between building 
characteristics and building power signatures (MacDonald 1988b, 1989b). Development of 
correlations between these two sets of data offers the opportunity to define better models of 
building energy patterns by identifying and incorporating important causes ofvariation in power 
and energy use. 

Initial development of advanced comparison methods has been started at PNL, using daily, 
whole-building electric meter and outdoor temperature data. Data arc separated according to 
day types, such as working days and nonworking days, and then the data arc analyzed statis
tically to obtain fitted parabolic curves of energy usc for different day types as functions of 
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temperature. The fitted curves indicate the differences in apparent balance point temperature 

for working and nonworking days, as well as energy usc that is not dependent on temperature. 
Further development of similar methods is expected to continue over time within the program. 

AUDIT DEVELOPMENT 

Significant work has been conducted over several years with the American Society ofHeating, 
Cooling, and Refrigerating Engineers (ASHRAE) to assess the energy audit process in commer

cial buildings. ASHRAE Special Project 56 on the energy audit process produced an assessment 
of the energy audit process, and as a result of the initial work, a guide was developed on 
analyzing and reporting building characteristics and energy usc in commercial buildings 
(ASHRAE 1989). The work was managed by PNL. The guide is available through ASHRAE 
or ORNL. 

GAS COOLING TECHNOLOGIES 

A flexible, public domain methodology was developed for estimating financial indicators for 

alternative HVAC equipment in commercial buildings (McLain 1991 ). It is based on simulation 

of the building hourly energy use, and it allows for many economic parameters, among which 

are detailed utility rate structures, energy escalation rates, inflation rates, and loan expenses. 
Development of this method was supported by the Gas Research Institute and the Existing 
Buildings Research program. 

Growth in electricity use has reached the point where the availability of electricity in parts of 

the country is becoming limited until new generating capacity is installed. The commercial 
sector is estimated to account for over 40% of the growth in national electrisity usc from 
1972-1986 (DOE 1989). Moreover, the low electrical load factors (high power demand relative 
to consumption) of commercial buildings combined with the increasing percentage of total 
electrical consumption used for the buildings sector of the economy have led to decreasing 
electrical load factors overall. 

Space cooling is about one-third of the commercial sector's energy demands and is now the 
largest single contributor to the electrical utilities summer peak demand (Rabl 1987). Many 
utilities now include demand and time-of-day charges in their commercial rate structures to 
reflect the cost of meeting the peak power demands. 

There has been considerable activity in recent years to develop alternative technologies that 
could reduce or levelize building space cooling electrical usc. Among these arc the development 
of more efficient electric motor driven chillers, diurnal cool storage, more efficient absorption 
chillers, desiccant cooling systems, and gas-fired engine driven chillers (GRI 1989). Gas-fired 
engine-driven chillers were the focus of this development effort. 
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The anticipated savings in demand and energy charges for the alternate technologies must be 
weighed against the possible higher initial costs of these systems, limited choice of equipment, 
reliability, and maintenance cost concerns of the buyers. The analysis tool that was developed 
allows economic evaluation ofenergy cost benefits and expected higher initial and maintenance 
costs. 

A hypothetical 200,000 rt? I 0 story office building was selected as the reference building 
(McLain 1988) for application of the new economic evaluation methodology. Office buildings 

are a large subsector in the functionally diverse commercial building sector, and the energy 
consumed by this group is the greatest of any group in this sector (EIA 1989b). They have 

relatively high peak electrical energy demands and associated demand charges because of the 

nature oftheir occupancy schedules. For the office subsector large office buildings (greater than 
2100,000 ft ) represent about 42% of the total floor space and 46% of the consumed energy. 

These large buildings consumed 9.2% of the total energy consumed by commercial b:.1ildings 

overall (EIA 1988, EIA 1989b). 

The methodology consists ofthree steps: 

1. 	 Calculate the hourly heating and cooling (HVAC) loads imposed on the central 
heating and cooling equipment for a selected building (reference building) in a given 
climate using the DOE-2.1 C program. All the other hourly building energy 
consumption values, such as for lights, domestic hot water, and non-HVAC equipment 
loads are also calculated using DOE-2.1 C. 

2. 	 Calcu!ate the hourly and monthly building electricity and natural gas demands for 

selected chiller technologies using a newly developed personal computer program 

called Cooling Equipment Simulation Routine (CESR). CESR includes primary 

cooling equipment simulation routines extracted from DOE-2.1 C and some new 

coding to handle new technologies and provide output in the desired fonnat. This 

step provides hourly values of the building electric and natural gas consumptions 

using the alternative technologies as well as a base case technology. 


3. 	 Calculate the economic results of interest. For this study we focused on the IRR for 
the selected alternative cooling technologies relative to a base electric centrifugal 
chiller technology. The IRR values are calculated using the Building Innovations 
Economic Analysis (BIEA) program (Flanagan 1985), modified slightly to run on a 
personal computer. BIEA is designed to use hourly or monthly energy consumption 
data together with the utility rate strur.tures to calculate the building energy 
consumption charges. It factors in parameters, such as utility demand and time-of-day 
charges, initial costs, replacement and repair costs, interest, taxes, and inflation rates, 
in the calculations. The program generates a diverse an·ay of economic results in 
addition to the IRR values. 

The simulations of the various building cooling equipment technologies \Verc perfonned for 
the building being located in Chicago, IL, Boston, MA, and San Diego, CA. National Oceanic 
and Atmospheric Administration Test Reference Year (TRY) weather data were used for the 
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Figure GC1-Total cooling coil load profile for reference building with VAV system in 
Chicago 

simulations. Previous work by David
son (1986) indicated that engine driven 
chillers would be competitive in these 700 
three cities. The electrical demand 
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charges are relatively high for the Bos
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ego, both the demand charges and the 
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high. Recent studies (Brodrick 1990) 300 
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The HVAC systems were assumed to 
be operated efficiently-only during Figure GC2-Chi!!er load duration curves 

working hours and when needed for 
freeze protection during unoccupied hours in severe cold weather. The systems are scheduled 
to operate from 6:00a.m. to 6:00p.m., Monday through Friday, except for holidays. 

Figure GC 1 is a profile of the cooling loads for the building with the VAV system in Chicago. 
The profiles reflect the occupancy schedule ofthe building with the peak loads occurring during 
late afternoon. For the week, the loads are frequently higher during the first day following the 
weekend shutdown due to the thermal mass of the building. 

Chiller load duration curves for VAV air handling systems, located in different climates are 
presented in Figure GC2. The curves for Chicago and Boston are close. The one at San Diego 
is different due to the more uniform weather conditions there. 
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Two 320 ton electric centrifugal chillero replaced with two 320 ton engine 
IRR (0/o) driven centrifugal chillers. 
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X Two 320 ton electric centrifugal chillers replaced wrth two 290 ton engine 

dtiven centrifugal chillers. 

Two 320 ton electric centrifugal chillers replaced with one 500 ton engine 
driven centrifugal chiller and one 150 ton engine driven n.crew chiller. 

Two 320 ton electric centrifugal chillers replaced with four 150 ton engine 
driven screw chillers. 

+ Four 160 ton electric centrifugal chillers replaced with four 150 ton engine 
driven screw chillers. 

Assumed rated chiller COP values •dj·,
Chiller Base Improved 

Electric centrifugal 5.05 5.05 
Engine driven centrifugal 1.69 1.90 
Engine d.iven screw 1.40 
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Figure GC3-Internal rate of return (IRR) values for replacing electric centrifugal chillers 
with engine driven chiller options, 200,000 tP office building with VAV system, Chicago 

Figure GC3 shows the IRR values of the engine driven chiller options for the office building 
located in the Chicago. The results reflect both the climate and the utility rate structure in 
Chicago. Results were also generated for Boston and San Diego. There is a reasonable 
correlation between the IRR values and the original cost premiums for the engine-driven chillers. 
The curves in these plots show the trends of the results. 

A single curve can be used to correlate the IRR values, for the selected base COPs or for the 
selected improved COPs. This appears possible because the average annual efficiencies of the 
selected engine driven chillers arc about the same. Although the rated efficiencies of the 
centrifugal and the screw chillers are different, the assumptions of constant speed operation for 
the centrifugal chiller and variable speed operation for the ;,crew chiller led to about the same 

annual average efficiencies Engine driven centrifugal chillers probably will be operated as 

variable speed machines, giving higher average efficiencies and higher IRR values. (This 
operation mode was not assumed here because of the unavailability ofperfom1ance data.) 

The influence of the cost premiums of the engine driven chillers is vel)' apparent, particularly 
at premiums of I00 $/ton or less. At a I 00 $/ton premium, the IRR is about 30%, and at a 150 
$/ton premium, the JRR is in the range of I0% to 20%. 
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The impact of the electrical demand and time-of-day charges on the marginal electricity costs 
is very pronounced. Calculations were also made to determine the sensitivity of the IRR to the 
engine non fuel O&M cost. The influence of O&M costs on the IRR is found to be relatively 
small. 

A viable methodology was developed for estimating financial indicators for HVA C equipment 
technologies in commercial buildings. The approach described here provides considerable 
flexibility regarding the capital and energy costs. Among the features in the programs is the 
ability to specify the energy rate structures having demand and time-of-day charges, energy 
escalation rates, inflation rates, property and income taxes, tax credits, initial and replacement 
costs, and loan and mortgage expenses. This allows for the methodology to be used in a wide 
variety of market scenarios for evaluating alternative technologies. 

All the programs used in the methodology are public domain routines. In this investigation, 
personal computers were used to run the BIEA and CESR programs. These programs are 
flexible and can be changed relatively easily. The DOE-2. 1 C program used to generate the 
building loads can be run on personal computers or minicomputers. 

Although this study is directed primarily toward engine driven chillers, the methodology can 
readily be applied to other technologies. Flexibility results because the routines are modular 
and can be modified readily to evaluate other technologies. 

The analysis indicates that engine driven chillers can have favorable economic indicators in 
the energy markets evaluated. For the reference office building selected in this study for the 
three cities, the analysis predicted that an IRR of abqut 30% could be realized by the investor 
if the premium for the engine driven chiller is 100 $/ton. At a !50 $/ton premium, the lRR is 
in the range of 10% to 20%. 
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FUTURE ACTIVITIES 

The new National Energy Strategy (NES) (DOE 1991, p 45) identifies more effective 
techniques for retrofitting existing residential buildings as an important area ofongoing research 

that has produced useful results and will continue to receive support. For commercial buildings 
the NES states a goal of supporting industry, utilities, and government agencies in developing 
and implementing effective [retrofit] programs (p 49). Increasing the energy efficiency of the 
buildings sector is an important part of the NES. 

The Existing Buildings Research program provides a fundamental resource for national efforts 
to improve the efficiency of the buildings sector of our economy. In addition to conducting 
R&D on new technologies needed to specifically address special needs for energy retrofits in 
buildings, this program bridges the huge gap between technology R&D and technology use. 
Within this gap is the large array ofactivities associated with deployment of~r~chnologies within 
buildings. For deployment to be successful, the technology must meet a need and the barriers 
to deployment described in the Introduction must be overcome. 

Because the buildings sector is so diffuse and diverse, legislators, regulators, government 
planners, and others have difficulty defining the efforts needed to mal<e energy efficiency 
innovation happen. The primary difficulty is a lack of activities specifically directed at 

improving deployment of energy technologies in buildings. Hill (1979, p 3) has stated that 
innovation involves the use ofunique, new, or previously unused ideas or methods. Ifwe accept 
the idea that technologies must be used to achieve innovation, then deployment of technologies 
is critical to that use. 

As an example of a deployment issue related to a new technology that is not specifically 
installed in a building, a new residential energy audit procedure was developed under the 
Existing Buildings program. The new audit was used in a field demonstration of improved 
deployment of low-income weatherization retrofits, including consideration of mechanical 
systems retrofit. The field demonstration showed that the new audit was able to in Grease average 
energy savings in a DOE Weatherization program from 10% to 25% at lower cost. The program 
Benefit-to-Cost ratio was increased by a factor of three. 

If the energy efficiency of the buildings sector in thiscountry is to be dramatically improved 
over the next 15-30 years, better "deployment" of efficiency technologies is necessary. 
Improved delivery of measures, improved understanding of how buildings actually perform in 

the field, and methods for improving operations and maintenance of buildings and energy 
equipment are all examples ofways to improve the deployment (transfer) oftechnologies. The 
Existing Buildings Research progran1 works to meet these needs. Much has been learned about 
technology deployment in buildings in the first five years of the program, and our future plans 
will be directed at developing improved retrofit technologies and at significantly improving 
energy technology deployment results. 
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PROGRAM STRATEGY 

Energy efficiency policy continues to be analyzed at many levels to improve understanding 
of potential benefits and discern reasonable policies for increasing desirable benefits. The 
evolution of electricity demand side management programs has increased the discussion level. 
National goals to save energy in buildings can be targeted at new and existing buildings. 
However, if needed, how can the effectiveness of energy efficiency programs be improved 
quickly to reach suggested efficiency targets? Our experience indicates clearly that significant 
near-term improvemer.ts are not possible without major efforts directed at assuring deployment 
ofmeasures in existing buildings. Our vision ofthe future shows a need for energy management 
in existing buildings, and we estimate that even with time horizons of 40 years, that at least 
one-third of efficiency savings achieved 40 years hence must come from improvements in 
existing buildings. National efficiency efforts for existing buildings should increase. 

Building efficiency programs require a complex set of actions and sometimes a significant 
amount of building science to function properly and to improve. At the state and local level, all 
the different types of expertise needed to conduct different icvels ofevaluations and technology 
field tests are typically not available. Thus, programs are often stymied in certain areas because 
of a lack of requisite skills. The Existing Buildings program experience has shown that the 
federal government can provide a unique resource for catalyzing improved programs at the state 
and local kvel. The federal government can assume the responsibility for linking together the 
diverse public and private sector organizations needed to achieve signific~_nt program improve
ments. The end resv.lt is improveddeployment of technologies. 

Our program strategy for the next 5-10 years covers expanding our linkages with public and 
private sector organizations across the country and moving our program focus away from the 
low-income residential sector to commercial, industrial, and other residential sectors. We intend 
to continue to coordinate, conduct, and transfer results of field tests to demonstrate technology 
performance in buildings, with enhanced credibility of results. Our support of the Texas 
LoanSTAR program is an example of important support that can be provided. Field tests will 
only be conducted in cases where other organizations provide significant cost-sharing, indicat
ing an important need for the results. We plan to continue improving methods for deployment 
of advanced technologies. Our goal is to continue increasing the penetration of efficiency 
improvements in existing buildings. 

The program strategy also calls for new technologies to be developed that: are more Gost 
effective for retrofit, are more technically appr·~priate for retrofit, allow better identification of 
retrofits at reduced cost, and improve abilities to assure that expected savings are being achieved. 

Over the past seve fa! years we have worked with numerous organizations around the country, 
and the linkages with and among these organizations continues to grow. Many of these 
organizations are our customers, and an initial matrix has been developed that indicates 
organizations and building sectors that arc appropriate customers for our energy efficiency 
product (Fig. F 1 ). Primary customers arc organizations that directly deliver or install energy 

http:improvemer.ts


----------

--

-53

c;-------- ------lEND ~--~~SIDE~~;~L COMMERCIALlliilllllill!l PRIMARY CUSTOMER 

f:. ..,%~8 SECONDARY CUSTOMER J LARGE---------- ; LOW 
SM/,LL PLUSOTHERINCOME 

INST/!NDCUSTOMER ' 

DOE- WAP 
---I,_____I 

HUD 
·-- 

DOD!FEMP 
. 

STATE GOVERNMENT fi!i!:fl'( .11!ll1?4>'ii!lli!i1!'~ 

:-:=:... 

I 

CITY GOVERNMENT :·::::.: ·~if 

UTILITIES 


BUILDING SUPPLIERS 

-

BUILDING OWNER AND STAFF filltlliillilllliill(':lBUILDERS, CONTRACTORS 


CONSULtANTS, AE FIRMS, ESCOs 
 : 

Figure F1-Customer categories of the Exi::>ting Buildings Program 

efficiency measures in buildings. Secondary customers are those that arc influenced by or work 

with our primary customers. Our efforts over the years have provided direct interaction between 

people from the research and implementation sides of efficiency programs. Through this 

interaction, distinct improvements in program effectiveness have been produced, where techni
cal improvements are introduced as needed to improve program performance. We will continue 
to build on th~.; knowledge of technology performance and program pcrfonnancc through 
expanding linkages with interested organizations. 

Our sectoral focus will be changing from low-income residential to oL1er residential and 

commercial-industrial-institutional. The change reflects the need to address the building sectors 
where major energy savings can be achieved. Most residential housing is not low income, so 
some efforts must be directed at the remaining residential stock. Some past efforts have been 

directed at the commercial/institutional sector, and now our efforts in this sector are beginning 
to expand. We also plan to begin addressing increased efficiency of energy use in industrial 

buildings, which together with large commercial/institutional customers, often hold the key to 
large improvements for utilities \Vith active energy conservation and demand reduction pro

grams. 
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CONCLUSION 

Technical leadership appears to be an important ingredient for achieving effective programs. 
1be Existing Buildings program will work to continue providing technical leadership for 
national efforts to improve the energy efficiency ofexisting buildings. Efforts will also continue 
to link together the diverse public and private sector organizations needed to achieve increased 
efficiency improvements in buildings. Demonstrations and evaluation~ to establish perform
ance and cost effectiveness of efficiency measures will continue. Work on advanced technolo
gies will increase. The program intends to make an important contribution to building energy 
efficiency in the United States. 
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