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EXECUTIVE SUMMARY

This study presents areview and evauation of techniques for andyzing metered energy use data to
determine basdline energy use and potentia energy efficiency improvementsin commercid and related
buildings. A description of new methods that should be considered in such work is aso presented.
Thiswork was performed for the Existing Buildings Efficiency Research (EBER) program of the
Department of Energy.

The EBER program is particularly interested in advancing methods for measuring and andyzing the
performance of energy efficiency improvements. For commercid and rdated buildings, however, the
diversty of potentia improvements, the diverdity of these buildingsin generd, and the high rate of
change in use cause difficulty in evaluaion of energy performance for basdline conditions and for
potential improvements. This study examines current andys's gpproaches and makes recommendations
for improvements to those approaches.

Although there may be no concern for how one building compares with another during the time of a
study or energy management program, there will be significant benefitsif a ™ history" of different
buildings is recorded for energy practitioners as a reference on expected energy use or energy use
patterns. Presently, this knowledge has gaps and is not easily transferable, becauseit is usudly based
on severd years of experience concerning expected patterns of energy use for different buildings and on
impacts of schedules, uses, geographic location, and system configurations.

Exigting data on buildings indicate significant varigtionsin energy intendity (energy use per square foot
per year) for buildings of the same type and in amount saved in different facilities. The variation in
energy useisacause of concern because attempting to understand the variations between buildingsis a
formidable task. More needsto be learned about how to explain observed variations and how to
trandfer increased buildings knowledge more effectively.

The approach used for this study was to review existing methods employed for analyzing metered
energy usein buildings, to meet with other researchers about the types of andlysis work they are
pursuing, and to study possible development of improvements to exigting techniques. A literature
review identified over 40 sources (see Bibliography), which covered andysis of dl building energy
performance that appeared to have import for analysis of data for these buildings. Based on the review
of existing methods and discussions with other researchers, ideas for enhancing andyss methods were
developed. Theseideas are presented in this report, with suggestions for further field study of their use.



A survey of the published literature deding with the analys's of metered energy use of buildings
indicated that severa diverse methods are used for andyzing metered energy data. Five generd
categories were developed to group the metered data andlysis methods:

=

Annual total energy and energy intendity comparison
2. Linear regresson and component models

3. Multiple linear regresson modes

4. Building smulaion programs

5. Dynamic therma performance modds

Overdl, the methods reviewed in the literature indicate that many anays's approaches for metered data
of commercid and related buildings are still exploratory. Reasonable results are possible for some
buildings usng smple measures such astota energy, but the uncertainty of wegther variationsis il
present. Wesather adjustments for heating energy use may be possible, but adjustments for cooling are
less certain.

The indusion of specific characteridtics of the building and of the activitiesin the building in amultiple
parameter anadyds of energy use is an important improvement to analysis methods. Multiple parameter
models that analyze effects of occupancy, schedule, specid events, and other inputsin addition to
weather factors represent an important step forward.

Significant improvements to analysis of metered data for commercid buildings are being tested, and
further improvements are needed. These improvements should include continued development of the
multiple parameter methods, development of methods for analyzing more detailed (submetered) data
(e.g., power Sgnatures), use of macrodynamic methods to generate models with physica significance,
and smplification of the methods.

The diversity of methods leads us to conclude that some effort should be made to develop a
classfication structure to define analysis approaches. Use of this standard structure should be
promoted for reporting analyses of commercia building metered data.

In addition to improving the classfication and reporting of analyss methods, andysis efforts should be
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extended to focus on characterizing building types (by appropriate parameters) and the technologies or
gpproaches 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 communication is needed to better explain observed
variations between buildings and to more effectively transfer increased knowledge about buildings to
more people.

Advanced research on the characterization extenson effort should be directed a developing
relationships between building characteristics and building power sgnatures. 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 of variaion in power and energy use.

The recommendations discussed above have implications that extend beyond the framework of energy
efficiency improvements, because ultimatdly the energy performance of buildings must be consdered
over time. The most important implications are that an improved indtitutiona-type of memory
concerning the types of technologies, operations changes, and performance tracking methods that |ead
to long-term building energy performance improvements could evolve. Therby, amore empirica basis
for implementing equitable and usable energy performance standards for exigting buildings could be
developed.

The firgt extension is expected to occur as a result of communicating the improved methods to
practitioners so there is more commondity in how the energy performance issueis approached. For
building energy performance standards, the issue is one of determining how a building is configured and
used and how much performance improvement is reasonable a agiventime. If any standard isto
succeed, the development of a common gpproach for defining and understanding building performance,
the ability to identify key characteridics that affect the levels of service offered by abuilding, and the
ability to suggest potentia performance improvement targets and to negotiate with owners, operators,
or lessees in gpproaching these targets are al important. The analys's approaches discussed in this
report offer the potentia for achieving some of these abilities. The opportunities are there for a
research program to examine and implemen.
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| nvestigation of Metered Data Analysis Methods
for Commercial and Related Buildings

J. M. MacDonald
D. M. Wasserman

ABSTRACT

This study presents areview and evauation of techniques for andyzing metered energy use data to
determine basdline energy use and potentia energy efficiency improvementsin commercid and related
buildings. A description of new methods that should be considered in such work is aso presented.
Development of relationships between energy characteristics and building physica characteristicsis
seen as an important area for improvement of andysis methods. Knowledge of the causes of variaions
in energy use and the expected relative impacts of different schedules, functiond uses, and energy
systems should be upgraded to dlow adequate understanding of efficiency changes and better
exchanges of efficiency improvement results. Significant advancementsin anays's approaches for
metered data from commercia buildings are being tested, and further improvements are needed. The
improvements should include continued develop-ment of multiple parameter methods, devel opment of
methods for analyzing more detailed data, use of macrodynamic methods to generate models with
physicd significance, and smplification of the methods. The recommendations of this sudy are to begin
research on advanced anays's methods, to devel op a coordinated research program on analysis
methods, to develop a classfication method to define analys's gpproaches and promote the use of the
method for reporting energy andyses, to extend analyses of energy efficiency improvementsto
characterize building types, and to classfy packages of common efficiency improvement technologies or
approaches appropriate to the different building types.
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1. INTRODUCTION

This study presents areview and evauation of techniques for analyzing metered energy use datato
determine basdline energy use and potentid energy efficiency improvements in commercia and related
buildings. A description of new methods that should be considered in such work is aso presented.
Thiswork was performed for the Existing Buildings Efficiency Research (EBER) program of the
Department of Energy (DOE). EBER focuses on asssting public and private sector efforts to improve
the energy efficiency of exigting buildings. The evauation of efficiency improvementsis a primary
interest of the study.

The approaches used for evauating energy efficiency improvements in buildings depend on severd
factors, including the:

I Purpose for conducting the anadlyss
1 Levd of detal of the metered data available

I Diversty of the buildings and systems covered

The purpose for conducting an analysis affects the methods and gpproach used. Therefore, it is
important to recognize the differences that arise in results and anays's gpproaches when the purpose
changes. Readers of this document should keep in mind that the approaches described here are
shaped by the energy efficiency improvement evauation focus—both for evaluating specific energy
efficiency measures or groups of measures and for tracking energy use as part of an energy
management program.

1.1 PURPOSE

The EBER program is particularly interested in advancment of methods used for measuring and
andyzing the performance of energy efficiency improvements. For commercid and related buildings,
however, the diversty of potentid improvements, the diversity of these buildingsin generd, and the high
rate of change in use cause difficulty in evauation of energy performance for basdine conditions and for
potential improvements. The evauation of a single building can often be accomplished if adequate
records are maintained, but comparisons between buildings often are not possble. The improvement of
ability to compare buildings, aswel asto andyze individud buildings, is viewed as an gppropriate
federd role. Current andysis gpproaches are examined in this study and recommendations for
improvements to those approaches are made.



1.2 BACKGROUND

Although there may be no concern for how the efficiency of one building compares with that of
another during the time of a study or energy management program, there will be sgnificant benefitsif a
“history” of different buildings is recorded for energy practitioners as a reference on expected energy
use or energy use patterns. Presently, practitioners develop their own sense of what congtitutes an
energy efficient building based on experience with smilar buildings, the types of activities within specific
buildings, and any history of achieving reductions in energy use in comparable buildings. Presently, this
knowledge has gaps and is not easily transferable, because it is usudly based on severd years of
experience concerning expected patterns of energy use for different buildings and impacts of schedules,
uses, geographic location, and system configurations.

Exigting data on buildings indicate Sgnificant variations in energy intendty (energy use per square
foot per year) for buildings of the same type (e.g., hospitd, office, school) (Gardiner et d, 1984). In
addition, the performance of energy improvements has been documented to the extent of showing that
energy savings are being achieved in (over 90% of) buildings that made improvements, but there are
ggnificant variaions in how much is saved in different facilities (Gardiner et d, 1984). The variaionin
energy useisacause of concern because attempting to understand the variations between buildingsis a
formidable task. Some sentiment exists for stopping ~further broad scale andyses of building energy
consumption [for buildings], [becauseg] this activity has probably passed the point of diminishing returns,
with no further fundamentd lessonsto be learned...." (Wulfinghoff, 1984). However, fundamenta
improvements are till possible, and more needs to be learned about how to explain observed variations
and how to transfer increased knowledge of buildings more effectively.

The ability to compare the energy performance of one building with that of another isimportant
from anationd energy efficiency perspective because comparison alows more meaningful evauation of
potentid relative improvements. It aso may alow different classes of buildings to be analyzed together
(e.g., officesand hospitdls). The need for comparison isillustrated by the potentia problems that can
develop when differences between buildings of the same type are not considered. Figure 1 shows data
from astudy on schoolsin Missssippi. Energy use intensities (EUIs, Btu/ft?/yr) are reported. The
gpread in energy performance is pronounced, but no information was provided on whether the schools
were high schools, dementary schoals, or other type. If some of the schools are operated 9 months
while others are operated 12 months out of the year, the overal energy useisimpacted. Some schools
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might have swimming pools that increase energy use. Many potential causes for differences might be
found, but the point is that a method for

comparison is needed.
EUI (kBtu/sq.ft. per yr)

Deve opment of rdaionships 100 -
between energy characteristics and 90 : -
building physical characterigticsis 80 a - o —
presented as an important area for 70 : B B D
improving comparison methods for 60 I T — = %n“
commercid and related buildings. 50 E :Eu G S B85
Knowledge of the causes of variations 40 : - En o | 5
in energy use and the expected reative 30 . g
impacts of different schedules, 20
functional uses, and energy systems 10
should be upgraded o allow sequste 500 1600 2000 2400 2800 3200 3600
undergtanding of efficiency changes and HDD
better exchanges of efficiency
improvement results.

Figure 1- Range of EUlsfor schoolsin Mississippi.

Source: Hodge et al, 1986.
1.3 APPROACH Each mark represents the EUI for aschool. Please note that
the spread is of most interest. No information was available

The gpproach for thissiudy west0 ) o acteristics that might influence the spread.

review existing methods employed for

andyzing metered energy use in buildings, to meet with other researchers about the types of analyss
work they are pursuing, and to study possible development of improvementsto existing techniques. A
literature review identified over 40 sources (see Bibliography), which covered andysis of dl building
energy performance that appeared to have import for andlyss of datafor these buildings. Severd
diverse andyss methods were identified from these sources, and agenerd categorization scheme was
developed for describing the different approaches.

After the literature review was completed, severa nationaly recognized building research
organizations were visted: Princeton University, the Solar Energy Research Indtitute, Lawrence
Berkeley Laboratory, and Pacific Northwest Laboratory. At each of these inditutions, the data
andysis method categorization scheme was discussed, with ideas for new methods of data andysis and
review of what work the other indtitutions were performing.

Based on the review of existing methods, discussions with other researchers, and origina work for
this study, recommendations on andysis methods were developed. The literature review, adidtillation
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of the field discussions, the origina work on new methods, a discussion of existing methods, and
recommendations are presented in this report.

1.4 ORGANIZATION OF THISREPORT

The review of existing methods for data andysis and discussons with other researchers are
presented in Sect. 2. The discussion of existing methods and the original work on new methods for
individua buildingsis contained in Sect. 3. A discussion of issues related to comparative anayses of
buildings—comparisons between buildings—is covered in Sect. 4. The recommendations of this study
are presented in Sect. 5, with adiscussion of possible extended impacts of improved data andysis
methods.
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2. REVIEW OF ANALYSISMETHODS

2.1 REVIEW OF METHODSIN PUBLISHED LITERATURE

A survey of the published literature degling with the andys's of building metered energy use was
performed. The emphasis of the survey was on methods that would be useful to consider for analyzing
metered energy use data from commercid and related buildings (with ingtitutiona buildings considered
as part of the commercia sector). Methods used to andyze residentia energy use data were d'so
examined for gpplicability to the buildings of interest for this sudy. From the sources reviewed, 45
reports of interest to this survey were identified in the literature—40 dealt with commercid/inditutiond
buildings and 5 with resdential. There were three principa sources for these reports: the ACEEE
1982, 1984, and 1986 conferences, ASHRAE Transactions for the years 1982 to 1986, and the
ASHRAE/DOE conferences held in 1979, 1982, and 1984 on the therma performance of the exterior
envelopes of buildings.

Severd diverse methods of interest for andlyzing metered energy data were found. This diveraty
reflects the nature of the building stock as well as the varying levels of detail of metered energy use data
that analysts had at their disposal. Also affecting the choice of analyss method was the purpose the
investigator had for analyzing the metered energy use data. Some of the purposes cited for andyzing
metered data were to:

Support conservation program planning

Support utility load forecasting

Pinpoint energy inefficdency in buildings

Rank energy efficiency improvements

Determine energy and dollar savings from a retrofit
Compare energy usage of disparate buildings

Determineif energy performance meets design gods
Support energy management of buildings

Help building designers build more energy efficient buildings
Vdidate and/or cdlibrate computer smulations of building energy performance
Support implementation of shared savings retrofit programs

Five genera categories were developed to define the metered data analysis methods found in the
literature. These categories are:
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1. Annua total energy and energy intensity comparison
2. Linear regresson and component models

3. Multiple regresson modds

4. Building 9mulation programs

5. Dynamic therma performance modds

Each of these methods will be discussed b ow.

2.1.1 Annual Total Energy and Energy Intensity Comparisons

A smple and sraightforward way of quantifying and comparing building energy useis by the
annud totd energy and energy intengity data. Annud tota energy isthe sum of the energy content of al
fud used by the building in one year. Energy intendty is defined asthe total energy used divided by the
totd floor area 1t would dso be possible to examine annual energy or energy intengties for individua
fuds. Severd sudies used the value of annud tota energy before and after energy efficiency
improvements were made to evauate the savings (Blumstein, 1984; Katrakis and Becker, 1984; Ross
and Whaen, 1982; Schultz, 1984). Other studies used energy intensities to compare energy usage in
different buildings or in the same building before and &fter efficiency improvements were made (Cleary
and Schuldt, 1986; Gardiner et a, 1984, 1985; Piette, 1986; Wal and Flaherty, 1984). In none of
these studies was there an attempt to normalize for weather, occupancy, schedules, or building usage.
Theimplicit assumption is made that these things either remained condant, did not greetly affect the
energy usage of the building, or could not be quantified for the analyss that was performed. Depending
on the building, these assumptions may or may not be true and add uncertainty to the results. Where
multiple climates are involved, the climatic variaion is mixed with the other sources of variation.

One author proposes the use of generic, efficiently operated buildings to provide a base energy use
(Hodge et d, 1986). Other buildingsin smilar climates and with smilar patterns of use and thermd
characterigtics could then be compared to the base case (norm). Deviations of total energy usage from
the expected norm can then be examined. Thedatain Fig. 1 are from this paper, and the assumption in
this method isthat al school buildings can be consdered equa when comparing energy use. The lower
end of the datais consdered to be the " €efficient” norm, but without specific information on building
schedules and the types of facilities involved, some serious discrepancies could arise regarding
expected performance rdlative to thisnorm. As an example, building size is a known cause of variation,
with buildings smdler than 10,000 s ft usng more energy per square foot than buildingsin larger Sze
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classes (EIA, 1986). A more appropriate approach appears to be to collect data on an initid sample
of buildings, check variations and potentia causes of the variations, and then collect more datato
increase undergtanding of the variations.

The strength of the total energy and energy intengity comparisonsistheir ease of use and
widespread familiarity. However, knowledge is lacking regarding causes of variation and the relative
impacts of factors such as schedules, functiona uses, and systems types on the individua building
consumption. This generd gpproach to data andlysisis of interest for quick comparison of one
building's energy use from one year to another or quick comparisons of many buildings, but it does not
provide information as to whet is causing the variation from year to year or building to building (Fig. 1).

2.1.2 SmpleLinear Regression and Component Models

Simple linear regression has been used with reasonable success to mode residentia heating fue
use (Chang and Grot, 1984; Fels, 1986; Anderlind et a, 1986). For atreatise on some of the
complexities of this approach, a Princeton report provides useful background (Goldberg, 1982). Fue
use is modded as a base consumption component plus a consumption component thet is linearly
proportiona to either ambient temperature (above areference or baance point temperature) or heating
degree days (HDD, proportiond to temperature difference). Severa authors have examined the
gpplication of these models to commercid/ingtitutional buildings (Cowan and Jarvis, 1984; Duerr and
Cornwall, 1986; Eto, 1985; Fdls, 1986; Palmiter and Hanford, 1986; Rabl et a, 1986; Stileset d,
1984). Commercid and related buildings, in generd, have higher internd heat generation than
resdentia buildings, and the outdoor temperature often has less effect on building energy use than
building schedules and use patterns (Reiter, 1986). It isnot surprising that mixed success a applying
linear HDD modédls to these buildings was reported in the literature. For buildings that have high
correlations between energy use and ambient temperature, energy use can be modeled with these
techniques. Some of this effect may be related to a heating dominated climate, such asfound in the
northern tier of the United States.

Schooal buildings, induding university buildings, can usudly be modeed with this method. Some
other buildings andyzed showed either non-linear or no correlation between energy use and ambient
temperature. Clearly, normalizing energy usage of these buildings will have to consder more than the
wegther.

“"Component andysis' is directed toward understanding patterns (Sgnatures) of energy use
available in monthly data and toward determining breskdowns (e.g., heating, cooling, other) of energy
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use by type of building systems (Cowan and Jarvis, 1984). Time dependence of energy useis often
factored in this analyss approach to gain a better understanding of how |oads change with the seasons
and aso to understand loads that are not sengitive to temperature. While linear regresson can be used
to develop the breakdown of components, other methods can also be used. The presence of multiple
fud typesin usein abuilding can aid in developing component breakdowns; the shape of curvesfor
different fuels can indicate the degree of temperature dependence. Analyss of consumption for
different componentsis typicdly an important part of understanding building energy performance.
Simple linear regression methods for determining component breakdowns have been used for
commercia buildings, but more needsto be learned. Overdl, the concepts used in component models
must be consdered when andyzing commercid energy use.

The drength of smple linear regresson and component methods isin their mplicity. The methods
are based on knowledge accumulated from experience with thousands of buildings over many years.
Adeguate data usualy can be readily obtained to characterize energy use for buildings that have
sgnificant heating energy use compared to totd energy use. However, in buildings where heating is not
the dominant energy use, some andysis difficulties can be expected. Since other energy usesin
buildings may dominate or mask hesting and/or cooling energy use, some extensions to this method will
be needed for andyzing metered energy use for these buildings.

2.1.3 Multiple Regression Models

Some investigators have used multiple regression techniques to account for other factors (besides
ambient temperature) that influence building energy use. In one study, the energy use of 50 commercid
(indtitutional) buildings in Michigan was andyzed Satidticaly to identify maor contributors to energy
consumption variaion. An energy predicting mode was produced which could account for 93% of
energy consumption variations using ten factors (Boonyatikarn, 1982). Another study correlated
monthly energy use on amilitary base with severd factors, including HDD, production levels, and labor
forceleves(Ledieet d, 1986). A third study used multiple regresson to modd energy usein
restaurants (Mazzucchi, 1986). The regression anayses examined the reationship of specific end uses
to temperatures and customer count. In another study, energy use measurements in a recreetion center
were compared to daily energy use predicted by amultiple regresson mode (based on previous energy
usein that building). When measured energy use deviated beyond a certain level from predicted energy
use, an expert system diagnosed possible causes of the deviation by comparing conditionsin the
building to those of previous events (Haberl and Claridge, 1987). In another study a Six-parameter
regresson modd (where dl parameters are weether-based) for analyzing resdentia energy use was
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a0 proposed (Fowlkes, 1985). It appears that multiple regression may show promise in modeling and
comparing the diverse ock of commercid buildings in this country.

An important observation from the studies that were reviewed is that the success of amultiple
regresson may depend significantly on the usefulness of the variables chosen. For ingtance, in the
Michigan study (Boonyatikarn, 1982) the variables used were novel because of their diversity. Severd
of the variables used in that study were dummy variables that had vaues of 1’ or 'O’ to explain whether
particular systems or fuels were used in the building. Other variables included the product of the
volumetric flow of exhaust air and the percentage of time the exhaust fans were used, the volumetric
flow of supply air divided by the power required for the fans, and the average levels of shading (on a
scde of 1-5) on the sdes of the building in the winter and summer. These variables were selected to
model the types of buildingsincluded in that study, and they indluded some that normally might not be
consdered. Theindications are that multiple regresson may provide some sgnificant ingghts on
building energy use.

The grength of the multiple regresson modding approach is the potentid it offersto achieve
reasonable confidence for predicting energy use for groups of buildings. One area of concern isthe
determination of which variables should be used to develop the energy use prediction mode and how
can intercorrelations between independent variables be removed. Another concern isthe reative
complexity of setting up the modd vs the improved usefulness of the results.

2.1.4 Building Smulation Programs

Building smulation programs (referred to as microdynamic modding by Burch, 1986) are another
common way that metered data were andlyzed. In some cases the energy usage of a building was
modeled in the building design phase. After the building was completed, actua energy usage was
compared with the smulated use to evaluate energy performance (Frey et d, 1983; Richtmyer et d,
1979). In another case, a below-ground building was modeled using a detailed smulation program.
Actud energy usage was then used to "cdibrate” the modd, and the calibrated model was used to
predict energy usage of the building if built above ground (Chrigtian, 1982). Another gpplication of a
detailed smulation mode was to evauate the conservation potential in commercid buildings (Cleary,
1986) and the impacts of alighting retrofit in an al-electric retail store (Cleary and Schuldt, 1986).

This microdynamic modding approach offers one of the strongest methods for determining building
performance, dthough typicaly it is costly to cdibrate amodd of abuilding thisway. The srengths of
this gpproach are that it allows checking of certain complex interactions between systems. One
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drawback isthat the smulation programs typicaly cannot modd systems that do not function properly.
For example, with amafunctioning control system, smulation becomes difficult . Often, detailed
knowledge of the building construction and operation, which can be hard to obtain, is needed to
achieve good smulation results.

Since the completion of the literature review, additiona work on building Smulation models has
occurred. One important gpproach that has evolved is use of dynamic therma performance modes
(Sect. 2.1.5) to cdlibrate the smulation model (Hsieh, 1988), which alows operation of the building to
be inferred from energy use data instead of from more detailed observations.

2.1.5 Dynamic Thermal Performance Models

Dynamic thermd performance (referred to as macrodynamic by Burch, 1986) modds originally
were thought to circumvent the need for detailed audit-type information about a building to mode its
energy usage, but recent devel opments indicate that more information than originaly thought necessary
may be needed for this gpproach to work well. The transent therma performance is determined from
short-term monitoring of the building, and the model is developed from the trandent response data.

Mot of the work with dynamic therma performance models has been done on residentia
buildings because they are sSmpler. Two studies describe the determination of ““equivaent thermal
parameters' of a house (Sonderegger, 1977; Wilson et d, 1985). This approach to dynamic thermal
performance modds may not be suitable for commercid/inditutiona buildings. Another gpproach,
origindly developed to smulate therma performance of passive solar houses (Shurdliff, 1985;
Subbarao, 1985; Subbarao et a, 1985), has been used to modd thermal performance in an office
building (Norford et d, 1985). The results from the office building work show promise for improving
future modds of commercid building energy use.

The use of macrodynamic modes for commercia and related buildings is being explored &t this
time. Use of these models is complicated by the fact that no smplified method of gpplying themis
readily available (the mgor effort has been to apply them to residentia buildings). Because these
models have had limited use for commercid buildings, their strengths and weeknesses for these
buildings are il uncertain. Current work is directed toward smplifying their use by practitioners,
refining the modding approach, and devel oping means of obtaining the required building information
directly from metered data. The work in this area has expanded since the literature review was
completed, and the newer (and proposed) literature has additiona vauable information (Hseh, 1988;
Rabl, 1988; Subbarao, 1988; Subbarao et a, 1988; Reddy, 1989; Burch, 1990).
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2.1.6 Discussion

Overdl, the methods reviewed in the literature indicate that many andyss gpproaches for metered
data of commercid and related buildings are till exploratory. Reasonable results are possible for some
buildings using Smple measures such astota energy, but the uncertainty of weather variationsis il
present. Wesather adjustments for heating energy use may be possible, but adjustments for cooling are
less certain. Other energy usesin buildings, such as lighting, may dominate heeting and cooling uses for
some types of buildings.

One important condderation regarding andyses of energy performance or efficiency improvement
in these buildings is whether the building will be sudied in isolation or in comparison. As dated in the
Introduction, one of the interests of this study is the ability to compare a buildings performance with
that of other smilar buildings. While some methods may provide reasonable answers for individud
buildings, the potentia for andyzing differences between buildings must dso be considered for
improving knowledge transfer among energy practitioners regarding relative energy performance
expectations and efficiency improvements.

The incluson of specific characterigtics of the building and of the activitiesin the building in a
multiple regresson analysis of energy use isimportant for consderation in potentid future improvements
to anayss methods. Macrodynamic modding aso gppears to have longer-term benefits. Theinitid
results from these gpproaches indicate that there is potentia to achieve more meaningful resultsin
andyses of building energy use. However, these approaches have seen limited gpplication, and
generdizing ther use will require an extensve effort if it isto cover dl or many buildings. Research on
these advanced methods appears needed.

Anayss methods were found to examine energy use from the standpoint of timedependence,
therma models, and impacts of building characterigtics, and the methods for obtaining time-dependent
results were the most limited. In Sect. 3 we proposea ™ power signatures' concept which offers anew
approach for producing time-dependent results for commercid buildings. The ™ power Sgnatures'
concept provides a means for linking and comparing results from different time steps, such as annud,
monthly, and hourly.
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2.2 SURVEY OF ONGOING RESEARCH IN THE UNITED STATES

As gated previoudy, discussions were held with researchers at severd inditutions. The results of
those discussions are presented in this section.

Princeton University Center for Energy and Environmental Studiesoe The work in thisfied of
most interest & Princeton is the ongoing monitoring and analysis of two large office buildingsin New
Jarsey. Component andysisis achieved using detalled monitored data on individua sysems. The
impetus for this work came because breakthroughs resulted from monitoring research in residentia
buildings, commercia monitoring was the next logica step, and funding for thiswork became available.
Significant operationa problems have been identified in the buildings that probably would not have been
noticed without the monitoring. Since the metered data are complex, data should be presented in
compact form. A format has been developed at Princeton for daily records with important parameters
plotted close to each other in separate graphs on asingle page. This format alows some interactions to
be detected through visua inspection. Since there are few buildings with monitored data at the leve of
detall avalable for these two buildings, it is not possible to make sgnificant cross comparisons with
other buildings. In the future such analysis may be possible. Princeton and the Solar Energy Research
Ingtitute (SERI) have collaborated on macrodynamic modeling using the data from these buildings.

Solar Energy Research Ingtituteoe SERI has been the primary research organization developing
the macrodynamic methods. They are dso comparing building smulation (microdynamic) model results
with macrodynamic model results to support further development of both types of modes. In
collaboration with Lawrence Berkeley Laboratory (LBL) and Pacific Northwest Laboratory (PNL)
they are testing the macrodynamic gpproach in additional commercid buildings.

Lawrence Berkeley Laboratoryce LBL haslooked a andyss of metered data extensvely asa
result of their Building Energy Use Compilation and Analysis (BECA) data base work and other efforts
for the State of Cdiforniaand Cdiforniautilities. LBL proposed a concept for defining buildingsin
termsof levels of service provided. A smilar concept is presented in the Introduction concerning the
problems of comparing the energy use of school buildings without some information about how the
buildings are used and what facilities they have (use and configuration). The levels of service become
characteridics that hep define the building, and these characterigtics might be used in multiple
regression studies of energy usein buildings. Levels of service are not specificaly defined but may
include such things as the hours of operation (schedule), specid facilities (such as a poal), interna
temperatures maintained, and other characteristics.
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Another item of interest at LBL was a sudy that examined the detailed dectricity consumption for
severd buildings and that looked for identifying characteristics in the shape of the curves over the year,
aweek, or aday (Akbari et d, 1987). Other specid features were aso examined. This approach
dlows the energy use of a building to be consdered part of the characteristics of that building and will
be described in Sect. 4.

Pecific Northwest Laboratoryce PNL has severd efforts under way regarding building
monitoring, and their efforts were aimed at collecting and checking the data needed. At PNL, they are
interested in methods for smplifying the data that need to be collected, especidly by shortening the
duration of collection and by minimizing the number of monitoring points thet are necessary. The work
was not at a point where they could make suggestions concerning recommended analys's procedures.
PNL has been adriving force in emphasizing the need for collecting building characteritics datato
understand the energy use in different buildings, and their influence has shgped subsegquent monitoring
efforts.

PNL isinterested in the dynamic thermd performance modds that SERI is working toward
improving and regards this as an important areafor further research by DOE. The suggestion was
made that some type of workshop would be useful to present the basic theory behind the modeling and
some of the concepts for developing modd s for commercia and related buildings.
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3. ANALYSI SOF METERED DATA FOR BUILDINGS

Many purposes underlie analyses performed on commercid building energy use, and the focus of
this report relates to developing a data base on building energy use (to be used as a guide for
comparison of efficiency levelswith that of other buildings), diagnosing sources of energy wastein a
building, providing an estimate of benefits from energy efficiency measures, and providing atool for
continuous energy management. Emphasis must be placed on continued energy management to retain
increases in efficiency. Part of the basic gpproach should be the tracking of long-term trends in energy
use.

Analysis of metered data does not substitute for more detailed studies of the specific energy
systems and the operating and maintenance practices for buildings that are being studied. Insteed,
andysis should be considered an important tool for guiding and organizing more detailed studies or for
evauating the improvements resulting from such a study (or audit). Detailed studies or audits and
andysis methods should complement each other. With these ideasin mind, andysis concepts and
approaches will be discussed below.

3.1 SUPPORTING DATA

In addition to the information provided by the metered data from a building, other available
information which describes the type of building thet is being andyzed can be useful. The basc
description of a building dlows others not familiar with the building to gain some insght regarding what
factors may affect building performance. As mentioned in the Introduction, benefits are expected to be
derived from a higtory of different buildings and from the development of transferable knowledge about
what condtitutes an energy efficient building.

Congdering the need for other data that may be important for understanding building energy use,
factors that should be considered for further research were identified. These factors are not necessarily
comprehensive, nor will they contribute equaly. (Readers may dso wish to consult A Protocol for
Monitoring Energy Improvementsin Commercial and Related Buildings, MacDonald et al, 1989).
Future work is needed to determine the relative importance of these listed factors.
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I Building type, orientation, and location I Buldinggze

I Occupancy and temperature schedules 1 Control systems

I Building operation and maintenance I Building envelope
I Fuds, capacities, and fud use I Functiond use

I HVAC sysems I Lighting sysems
1 Other equipment 1 Weather data

1 Building dterations

The provison of descriptive information for these types of factors should alow a better
understanding of buildings and sgnificantly improve the trestment and andlyss of energy data. Further
research is needed to define the benefits of such an approach.

3.2 NORMALIZATIONS

Comparison of energy use between buildings typically requires some type of normdization to
improve understanding. Normadization involves a transformation of data values to provide a common
scde. Oneof thefirg normdizations of interest for commercid buildings involves divison by some
floor areavaue to develop an EUI (Btu/ft?/yr). Other indexes, such as Btu/mea-served, are also of
interest for specific building types. EUIs can be caculated for the total of al fuels together and for
individua fuels, where individud fuels sometimes provide a better breskdown of heeting and cooling.
The appropriate area to use for a building can be aproblem if sgnificant parts of the building are
unconditioned or if large parking ramps or lots are included in the overdl energy consumption of the
building. In genera, significant differences between conditioned area, gross area, and gross area
without parking facilities included should be described in reporting results of an andyss.

Wesather dependence is another important characteritic to check in acomparison of energy
consumption in abuilding (Eto, 1985; Rabl et d, 1986). Corrections for weeather have differing
degrees of success, depending on building response, the time step of the data, relative magnitude of
energy uses not sengtive to westher, and other factors. Some westher normalization can be provided
by dividing energy use by HDD or cooling degree days (CDD), but this type of caculation should only
be gpplied to the ambient temperature dependent portion of building loads. Analysis of cooling energy
dependence on weether can be difficult with only monthly data (not many data points). Asindicated
previoudy in this report, determination of temperature dependent |oads can be a problem for
commercid buildings
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Congderation should be given to seasond confounding factors, such as changesin occupancy or
number of customers, that influence consumption in @ther the heating or cooling season. Asawarning,
... corrections should be approached with caution, because it may be impossible to accurately
quantify the effects of such changing factors' (Wulfinghoff, 1984). It isimportant to develop a sense of
the factors that might influence energy consumption and methods for understanding these influences.
Analysts should be aware of potentid problems that confounding factors may present when any andysis
is performed and should consider whether extended analyses of possible relationships are needed.

This report suggests the use of power signatures to present the time dependent behavior of energy
use in commercia buildings with normdizations for building Sze (floor area) and time step in data
collection. Further discusson of power Sgnaturesis presented below.

3.3 MONTHLY ENERGY DATA

A dgnificant amount of information is contained in monthly data (billing-type data for each fud).
However, this information can be obscured by reporting a sngle normaized vaue for the whole year
(aswith EUI) or by showing only ambient temperature dependence of energy use, which hidesthe time
dependence of energy use. Andysis of energy datafor commercid buildings should indicate time
dependent behavior of energy use aswell as ambient temperature dependence. Asindicated in Sect. 2,
andyses of time dependence of energy use have been more limited.

Power signatures represent a structure for observing energy characteristics. (For more
background on the "signature” concept see MacDonad, 1988.) Use of power signatures alows
energy or power characteristics of building energy use to be identified better. These energy or power
characteristics can be compared with those of other buildings and perhaps be related to physical
characteristics of buildings for further comparisons. Note that the average power for adiscrete time
period (such as an hour) is equd to the energy consumption for that time period divided by the time
period (kW = kWh/h). With some care, energy and power characteristics may be mentioned together.
To improve the understanding of relationships between energy characteristics and physical
characteristics, more energy characteristics need to be identified.
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Figure 2 shows an annua power
sggnature profile of monthly energy use
datafor a building with two fuels,
natural gas for heating and eectricity
for al other uses. The EUI for the
building in Fg. 2 for dl fuds combined
during the annud period shown is
135,000 Btu/ft?/yr (40 kWh/ft3/yr or
4.5 WIft?). The differencein the
information avallable in the profile of .
monthly datavsthesinglevaueforthe | Dec8sFeb86 Apr Jun Aug Oct APDs
whole year isimmediady obvious Month
Because this building has two fud

Monthly power densities (W/sq.ft.)
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sources, the differences are evenmore  Figure 2— Monthly and annual (APDs) power densities
pronounced. The complex natureof  for gas, electricity, and total fuel for a banking services
the dectric and gas data combined can building in Knoxville, Tenn.

be seen. The cooling impacts are

masked due to combined heating and cooling from April to June. This masking means totd fue
consumption signatures must be gpproached with caution, but analysis of the tota signature together
with those for individua fuel sources may dlow recognition of patterns for specific climates. These
patterns can be used to andyze buildings that have only one fudl source to understand combined heating
and cooling. An dectric basdoad of about 2.2 W/ft? is gpparent, and the natural gas basdload is close
to zero. The dgnificant peek for total fud usein this building is high rdative to other buildings examined
(Fig. 3) and is caused by a high heating energy consumption. Indications were that potential system
problems in the building caused the high hegting load. Later investigation showed that comfort
conditions were maintained during unoccupied hours and a zoning problem caused one of the heating
systemsto run continuoudy during moderately cold wegther.

The monthly power densities (MPD) (W/ft?), as shown in Fig. 2, can be calculated asfollows:
MPD (W/ft?) = monthly kWh x 1000 + No. of days + 24 + ft?

or
MPD (W/ft?) = monthly Btu x No. of days + 24 + ft* + 3.412 .
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Monthly power densities (W/sq.ft.)
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Figure 3— Monthly power densities for five small commercial buildingsin Knoxville, Tenn.

All buildings received a brief survey. The bank has zoning problems and comfort conditions are
maintained during unoccupied periods. The computer co. has heavy computer use that keeps power high.
The boat co. appears to have more ‘typical’ use. The tenantsin the small retail building are conscientious
about manua setback / setup. The nonprofit building iswell insulated, is partialy unoccupied during part
of the week, and has ground-source heat pumps.

The MPD should be reported for al individua fuels, where available, and for totd fue
consumption. The MPD profile provides a power signature of monthly data over the year for the bank
building of Fig. 2, and power sgnatures are given for each fud and for total consumption. Where fudls
that are not metered monthly are used (such as ail), every effort should be made to ingtitute some type
of monthly metering to obtain thisinformation. In addition, the annua power density (APD) should be
reported for each fud and thetota of dl fuds. The APDsfor the building in Fig. 2 for the year shown
are électric, gas, and total a 2.8, 1.8, and 4.5 W/ft?, respectively.

The MPD provides the same information on amonthly basis (12 points instead of 1), and the
APD, which is an annud average, can be compared with the MPD for each month to determine relative
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variaionsinintensty. An EUI presented in terms of Btu/ft%/yr can be converted to an APD by the
smple caculation:

APD (WIft2) = EUI (Btuft?fyr) ~ 8760 + 3.412 = EUl + 29,889 .

Examination of Fg. 2 indicates that the building gppears to have an average eectrical use during
periods with ambient temperature dependent consumption of about 3 W/ft2. Combined with the
apparent base consumption of 2.2 W/ft?, acooling use of about 3.0 ! 2.2 = 0.8 W/ft? can be
caculated, since we are reasonably confident that this building does not have a fixed cooling
consumption base load that occurs year round. This calculation shows that electric uses other than
cooling are important in thisbuilding. The datafor the building in Fig. 2 dlow amore detalled andyss
than smply providing the APDs and the MPDs. A better understanding of how to use this additional
information is needed in future sudies,

3.4 ADDITIONAL ENERGY DATA

Additiond energy data can be useful in analyzing how energy isused in abuilding and in tracking
the changes in energy performance. Some examples of the next useful level of detail are daily energy
use vs each day of the month and hourly energy use for different types of days. These examples can be
combined if one of the “"day types' is the average of (hourly) energy use for severd weekdays
(workdays or occupied days) over atwo-week or one-month period and another day type isthe
average of weekend (workdays, nonworking, or mixed) days. Depending on the building and how it is
used, datafrom severd day types may be obtained. If energy useis different for each day type, careis
needed in comparing data of one building with that of another having an unequa amount of data for

each day type.

More detalled energy data (e.g., hourly or 15-min time interva data) can be collected, and the
discussion in this section focuses on use of hourly data for tota dectricity use. Additiona detail can be
obtained by monitoring individua systems or end uses such as heating, cooling, lighting, fans, and other.
The Princeton work on the two large office buildings is an example of this more detalled gpproach.

Figure 4 isadata plot of the hourly dectricity consumption (these are not power densities) for the
building in Fig. 2 for the period June 17-23, 1987. The weekend (June 20-21) energy useis different
than on weekdays, which shows the importance of consdering different day types. Therdative
magnitude of the average consumption for different hours of the day and days of the week during the
middle of the cooling season is dso shown in thisfigure.
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Figure 4—Hourly eectric consumption for the
banking services building in Knoxville, Tenn.
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Figure 5—Hourly power dendtiesfor the
banking services building in Knoxville, Tenn.

Figure 5 shows the same data converted
to hourly power densties (HPDs). The solid
line indicates the average HPD over the
period, and the average HPD may be
compared with MPDs for this or a different
year. Comparing the average HPD for
eectricity with the MPD vaues for dectricity
for June and July in Fig. 2 indicates that the
average HPD isin the same range as the
eectricity MPD vaues from the previous year.
The HPD plot shows excursions of about
4 WIft? above the average and 2 W/ft? below
the average. These characteristics potentialy
can be used to identify the way this building
USES POWe.

Some of the same information given in
Fig. 5isshownin Fig. 6, but the HPDs for
each hour are averaged (over the time period
shown in Fg. 5) for weekdays only. The
average HPD for these dataiis shown by the
draight line. Thistype of plot showsa
“typicd" curve of HPDsfor thisbuilding for a
hot summer condition. The potentia use of this
type of information is expected to be enhanced
if this building can be sudied for along period
and if more buildings can be studied to
determine differences. A history of data for
different buildings is needed for the information
to become more useful. Figure 7 presents a
plot smilar to Fig. 6 except that it isfor
weekends only (the weekend data were taken
from June 20-21 and 27-28, 1987).

The plotsshown inFigs. 2,5, 6, and 7 dll

contain different energy or power characteristics that are part of power signature data. Figures 5, 6,
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and 7 provide the signature for eectricity use,
and additional data are needed to define the Wisg.tt.
gasuse

sgnature and the total energy signature.
Andyss of the Sgnatures may identify features
that can be related to other building
characteristics data and included in a data base
of the relationships. Such data bases probably
should be developed on aregiond basis.
Someinitial work was done to examine load
shapes of commercid buildingsin the Pecific
Northwest (Reiter, 1986), and thisstudy is
directed a extending the ideas described in that
work.
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Figure 6—Average hourly power densitiesfor

3.5 MULTIPLE REGRESSIONS  weekdays for the week of June 1723, 1987, for

Multiple regression methods can be used the banking services building in Knoxville, Tenn.

to andyze the effects of both weather-related
and other factors on building energy use. W/SC{ft.
Andysis of the additiona factorsisimportant
for many types of commercid buildings.
Multiple regressons can be used both to mode
individua buildings and to sudy characteristics
that lead to differences in energy consumption
between buildings. These methods are
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important for advancement of analysis NN

approaches for commercia buildings. VY% it
The use of multiple regresson techniques

to understand metered energy data has been

demongtrated in the development of an ™~ expert 0 4 8 1216 0 A

system” prototype. This prototype hel ped Hour

maintain reduced energy use in arecregtion
center at the University of Colorado (Haberl Figure 7—Average hourly power densitiesfor the
and Claridge, 1987). Energy use was andyzed weekends of June 20-21 and June 27-28, 1987,

by multiple regression techniques to establish for the banking serv_lrc;?nbwldmg in Knoxville,
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energy use predictors. With this approach, results are fed to the expert system and causes for variances
from expected norms are determined.

Energy consumption in the recreetion building was found to be influenced by ten parameters,
including environmenta, operationd, and system parameters. Intercorrelaions were sudied to
determine the independence of the parameters. Two of these variables were found to have a strong
correlation and were combined by multiplication, which reduced the set to nine parameters. Further
andysis was conducted using the nine parameters to select seven consumption predictors of energy use.
(There must be a corresponding metered value obtained from a physica meter(s) to compare with each
predictor.) Criteria were developed to indicate abnormal consumptions, with variations for different
predictors. Abnormal was areative term and could be changed to satisfy the needs for the andyss of
the different variances in the predicted vs actua consumptions for each predictor. Daily meter readings
were compared with predicted daily consumption for each " meter," and reasons for abnormal
consumptions were then determined by daily ste vigits and conversations with building personne so
they could be recorded in the expert system knowledge base. Results indicate that savings from use of
the system are about 15% of annua use.

The research on this prototype expert system for buildings indicates the potentia for development
of andysis methods based on multiple regressons. The building chosen for this prototype devel opment
had many energy consumption meters, and the ingdlation of improved energy metering in buildings may
be a prerequisite for application of these techniques. However, these techniques can be applied
effectivey in larger buildingstoday. Less complicated andyses may be possible for smdler buildings
and should be studied.

3.6 DISCUSSION

Andyss of metered data for individua buildings should be directed a& understanding the generd
indicators of energy use, recording the building's characterigtics thet are likely to influence energy use,
and developing more detailed breakdowns from monthly fuel data and more detailed results from daily
or hourly datawhere possble. Long-term evaluation of performance trends should also be studied.

Because building energy use may need to be compared with that of other buildings, the
development of relationships between building characterigtics and building power sgnatures should be
part of research on analysis methods. The development of correl ations between these two sets of data
appears to offer the opportunity for dedling with the diversity of buildings and uses, while developing an
improved understanding of how energy is used in commercid and related buildings.
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Energy analyses of buildings are expected to benefit from advanced techniques presented in this
report. Multiple regression and power signatures are specifically discussed in Sect. 3, and
macrodynamic methods must aso be consdered as they become more usable. Refinements to
component andysis usng more detailed end use (submetered) data and smplifications to weather
correction methods are aso possible improvements. Advanced methods are being tested in limited
research, and present results indicate that fundamental advances in analysi's methods are possible.

Power sgnatures are presented as potentia improvements for examining time-dependent behavior
of building energy use, and the importance of relating building characterigics to variations in energy use
between buildings has been highlighted. Improvementsin other areas would aso be vauable, and
coordination of research to direct improvementsin al areas would have synergistic benefits.

Some implications of these findings are that:

More emphasis will have to be placed on obtaining and analyzing the characterigtics of buildings
The monthly power signature data should be considered part of the characterigtics

A classfication method to define analys's gpproaches (five categories proposed in Sect. 2.1)
would improve presentations of andyss results

Although important research is presently being conducted on analysis methods, more work is
needed for commercid and related buildings to make the advancements required to handle the
diversty of buildings and energy use

Andyses of individua buildings should congder the need for future comparison of building
performance with that of other buildings

Workshops to present these results to key engineering and building operations organizations are
needed to transfer thisinformation
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4. COMPARISON OF BUILDINGS

Asindicated previoudy, the benefits from comparing building performance based on information
about how a building is configured, used, and operated are expected to be substantial. A three-level
gpproach is described as an initid attempt to suggest how buildings should be compared.

Levd 1.

Leve 2.

Leve 3.

Use of physicd characterigtics to develop an understanding of the types of services
offered in different buildings. Thisisacriticd first step for understanding factors
affecting energy use.

Develop MPDs and APDs (W/ft?) to determine power signature data for buildings.
The profiles should include the total power for dl fuels, with profiles for individud fuds.
The power signature and the other building characteristics should be studied to
determine what relationships exist and what are the key determinants of variationsin
power signature. Other andyses of monthly and annua data (e.g., ambient temperature
dependence regressions, calculation of monthly load factors) are also conducted at this
leve.

Where possible, hourly profiles of energy use should be developed (even for short
periods of 1-2 weeks) to better define each building. Impacts of occupied and
unoccupied day types on building power profiles must be considered. HPDs (W/ft?)
would alow comparisons between buildings of different sze, and awareness of totd
power (kW) would alow a perspective on the importance of each building for the fuel
supplier or utility. These power profiles, together with the level 2 andlyss results,
comprise the overal power sgnature for abuilding. ThisSgnatureis studied to search
for relationships with other characteristics of the building. These relaionships are then
used to make comparisons with other buildings.

Theleve 1 data should aways be available when comparing different buildings and when
comparing their energy use or performance. Further study is needed to develop more reasonable
categorizations and to determine which categories are most gppropriate for comparison. Without this
type of information the diversity of buildings, sysems, and usesislikely to make comparisons difficult.
Asan example, if building energy efficiency improvement awards are based solely on an analys's of
energy use, it is concelvable that a building could win an award by having tenants move out and shutting
down part of the building. Without characterigtics data an informed judgment cannot be made.
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Thelevd 2 information is usudly available with a combination of billing data and reasonable
information on the floor areafor the building. Use of the gross area of a building makes comparison of
MPDs less meaningful if Sgnificant areas of the building are unconditioned or if energy used by large
parking ramps or outdoor lot lighting isincluded in the overal energy consumption of the building. In
genera, significant differences between gross area, conditioned area, and gross area without parking
facilities included should be consdered when developing building characteristics data. Mixed use
buildings can dso cause problemsin evauations of buildings, especidly when only a portion of the
building has a high power/energy requirement. A consistent method should be formulated for dealing
with these characteristics data and the leve 2 type data.

The leve 3 information has potentia for defining buildings more specificaly by use of power
sgnatures or other methods. However, thisleve requires significantly more effort, and research is
needed to make application of level 3 gpproaches more straightforward.

An example of the type of information provided from just the total consumption level 2 data
(individud fud comparisons would also be possible) is provided in Fig. 3. Differences between the
buildings are griking—the MPDs provide useful information that could be a significant gart toward
developing building categories based on power signatures. Asmore is learned about how to compare
building energy performance using the types of data described, it may become possible to define
building categories based on power signatures. The possibilities are interesting and chalenging.

While many possibilities exist for comparisons with more detailed metered energy data, a potentia
very useful possibility isthe study of specific characterigtics of the power sgnaturesthemsdlves. An
example of such an effort is presented in Table 1 (taken from Akbari et d, 1987). The andysisthat
was done to develop Table 1 was based on examination of hourly, whole-building, eectric energy use
data (kwh) for the year 1984. Examination of the profiles for these data led to the observations of
power profile characteristics described in Table 1. Characterigtics related to schedules, relative pesks
and valeysin the power profile, differences between day types, and building operation practices are
tabulated. These characterigtics provide ameans for categorizing buildings and for making comparisons
with other buildings.

With further study it may be possible to develop capabilities to corrdate MPDs and HPDs with
building characteristics to provide specific ™ fingerprints' of how the building uses energy and how its
efficiency can beimproved. Thistype of analyss gppearsto lend itsdf to computerization, which might
dlow large numbers of buildings to be andyzed more effectivdy usng smple audit data and building
metered data.
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Table 1——Power Profile Characteristics by Building Use Type

ANALYSISBASIS

Sch  Hos
4"

Building type?

(2)

Off
()

Ret
&)

RWH
(1)

ANALYSIS OF DAILY MINIMA
Nearly constant minima over the year
Seasonal variation of minima
Step changes in minimum
Variable changesin minimum
Well defined *“weekday" minimum
Well defined ““weekend" minimum

Weekend minimum distinct from weekday minimum

Minimum power at night

X VX VIl x | x

RO RS BES BEN B |

x

N N N

X | x x|

x

X | X xX x |

ANALY SIS OF DAILY MAXIMA

Seasonal variation of maxima

Low power requirementsin summer

Sat. maximum grester than Sun. maximum
Weekend |ess than weekday maximum

Saturday maximum $75% of weekday maximum

I X X X X

X X X | X

-~

N X X |

x

[N

x

X X X | X

ANALYSIS OF BOTH DAILY MINIMA AND MAXIMA

High minimum compared to maximum (50%)
Weekend distinct from weekday

Monday through Friday indistinguishable
Daily range much greater than minimum
Weekend power level same as minimum

X X X X |

I X X

N N X N

I x x |

| X X x

ANALY SIS OF HOLIDAYS
Holidays and weekends similar
All holidays observed (matching alist)
Some holidays observed (matching a 2™ list)
Few holidays observed (matching a 3" list)
Seasonal breaks (e.g., Spring) discernible

xX X

x

I < | X

x|

ANALY SIS OF DAILY PROFILES
Large period to period variation
M ealtime drop significant
Mealtime drop observed

Subordinate evening maxima
Small variation in weekly profile

X X X x |

N X X |

x | x|

x | x|

aSch = schools, Hos = hospitals, Off = offices, Ret = retail, RWH = refrigerated warehouses.
“x" indicates the characteristic is found, “—

“?" indicates found sometimes.
bSample size.
Source: H. Akbari et al, 1987.

indicates not found,
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5. RECOMMENDATIONS

From this study for the EBER program, we have begun to show the diversity of methods used to
andyze metered data for commercid buildings. Some of the methods could lead to improved
knowledge of how energy is used and how efficiency can be improved in commercid buildings.
Perhaps most notable is the concept of multiple regresson (multiple parameter) models of building
energy usethat dso andyze effects of occupancy, schedule, specid events, and other inputsin addition
to weether factors. Significant improvements to analysis of metered data for commercid buildings are
being tested, and further improvements are 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 of macrodynamic methods to generate modes with
physica sgnificance, and smplification of the methods.

The divergty of methods dso raises a cautionary issue. Results from smple anadyses, such as
comparisons of tota annual energy use should be considered useful only as generd indicators of
efficiency improvements. Results from more detailed studies that provide knowledge of the causes for
change and of anomalies that affect the results presented are more useful for understanding how to
improve commercid building efficiency. To better define the extent and usefulness of each andyss,
some effort should be made to develop a structure for classifying andysis gpproaches. Use of this
classfication structure should be promoted for reporting anayses of commercia building metered data

In addition to improving the classfication and reporting of andys's methods, andys's efforts should
be extended to focus on characterizing building types (by appropriate parameters) and on the
technologies or gpproaches commonly used to improve efficiency in particular building types. This
Characterization effort is needed to improve communication of the types of buildings thet are being
modified and of the nature of the efficiency improvements being made. Improved communication is
needed to better explain observed variations between buildings and to more effectively transfer
increased knowledge of buildings.

Advanced research on the characterization extension effort should be directed a developing
rel ationships between building characteristics and building power signatures. Development of
correlations between these two sets of data will improve models of building energy use by incorporating
important causes of variation in power and energy use.

The BECA-CR data base (Gardiner et a, 1984, 1985; Wall and Flaherty, 1984; Ross and
Whalen, 1982) maintained a LBL provides much ussful information on the generd performance of
energy efficiency improvementsin commercia buildings. The work to develop the data requirements
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for BECA-CR is of vaue to anyone atempting to define the data needed to understand energy usein
commercid buildings, including performance of efficiency improvements. Conversely, BECA-CR
results could be improved with advanced andyss gpproaches, including relaing building characterigtics
to energy use.

The requirements for the BECA-CR data base have recently changed to alow inclusion of
submetered (more detailed) data that do not cover awhole year. Submetered data generaly are
collected over a shorter period of time (from one day to one or more months). Submetered refersto
additiona energy metering that provides more detailed information about total consumption for
individua fuds or consumption information about specific end uses of energy, such aslighting.
Improvements to anaysis methods could benefit BECA-CR as more detaled data are acquired.

The recommendations from this sudy areto:

1 Support additiona research on advanced andysis methods directed e commercia buildings
such as multiple parameter modd s that include building characteristics, methods for analyzing
more detailed data (e.g., power signatures), macrodynamic models, and smplifications of these
methods to promote wider use

1 Develop acoordinated research program on analysis methods (for DOE this means combining
efforts from buildings, solar, and state and local programs)

Develop aclassfication structure to define analys's gpproaches and promote use of the
gructure for reporting energy andyses

1 Extend andyses of energy efficiency improvements to characterize building types and classfy
groups (packages) of common efficiency improvement technologies or gpproaches appropriate
to the different building types

The recommendations above have implications that extend beyond the framework of energy
efficiency improvements, because ultimately the energy performance of buildings over time must be
conddered. The most important implications are that:

6. Animproved inditutiona-type of memory concerning the types of technologies, operations
changes, and performance tracking methods that lead to long-term building energy performance
improvements could evolve, and
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7. A more empirica badsfor implementing equitable and usable energy performance sandards
for existing buildings could be developed.

Thefirgst extension is expected to occur as a result of communicating the improved methods to
practitioners so there is more commondity in how the energy performance issueis approached. This
approach is expected to lead to improvements in the overal understanding of energy use and in the
levd of skillsavailable for anadyzing energy use. The posshilities are interesting, and the potentid
benefits could be large.

For building energy performance standards, the issue is one of determining how a building is
configured and used and how much performance improvement is reasonable a agiventime. If any
standard is to succeed, the development of a common approach for defining and understanding building
performance, the ability to identify key characteridics that affect the levels of service offered by a
building, and the ability to suggest potentid performance improvement targets and to negotiate with
owners, operators, or lesseesto try to approach these targets are dl important. The andysis
gpproaches discussed in this report offer the potentia for achieving some of these ahilities.

Overdl, the emerging and previous work on metered data andysis for commercid and related
buildings indicate possibilities for future improvements. The development of meaningful data on building
energy performance and of better methods for understanding those data could have important benefits
for managing energy in buildings in the future. The opportunities are there for aresearch program to
examine and implement.
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ANNOTATED BIBLIOGRAPHY

of Reviewed Literature
Covering Analysis of

Building Metered Energy Use

Notation categories. (N/A is not applicable)

Source: indicates publication containing the reference

Metering Andyss “Energy Performance’ indicates that the energy
behavior of the building was sudied
“Retrofit” indicates that the performance of energy
improvements were eval uated
“Discussion” indicates that methods and approaches
are presented
Building Type  indicates the generd types of buildings or class of
buildings covered
Measurements. presents a short description of the data parameters of
interest for the study presented
Modding: provides a brief description of energy modding methods
Metering Duration/
Interva: indicates the length of metered data collection period
(e.g., 1year, 2 years) and collectionintervd (eg.,
monthly, hourly)

A brief description of the study is also provided.
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Hashem Akbari et al, 1987

End Use Load Profile Analysis of

Selected Commercial Buildings

Sourcece Lawrence Berkeley Laboratory Report,
LBL-23498.

Metering Analysis: Energy Performance

Building Type: Commercial

Measurements: Total electric at 15-mininterval,
aggregated to hourly

Modeling: Yes, statistical estimates of disaggregated
end uses

Metering Duration/Interval: One year/hourly
Developed models of energy consumption for some
building types for predicting impact on utility.

Gunnar Anderlind et al, 1986

Effects of Energy Conservation Measures:

Results from a Swedish Before-After Study

Source: Proceedings of the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings, Vol. 9,
pp. 7-10.

Metering Analysis: Retrofit

Building Type: Residential, single, and
multi-family

M easurements: House space and water heating
energy, indoor and outdoor temperature, wind, solar
Modeling: Yes, linear regression

Metering Duration/Interval: Two to three heating
seasons/monthly

Used awhole year energy model. Normalized for
weather.

Carl Blumstein, 1984

Energy Conservation on the Campus

Source: What Works: Documenting Energy
Conservation in Buildings, Washington: American
Council for an Energy-Efficient Economy, 276.
Metering Analysis: Retrofit

Building Type: Institution, university
classroom/research

Measurements: Electricity, estimated steam
Modeling: No, compared pre- and post- energy use
without normalizing

Metering Duration/Interval: 4 years pre-retrofit, 1
year post- /monthly

Looks at results of some energy conservation
measures instituted on the Berkeley campus.
Determines savings based on metered use. Discusses
institutional barriersto energy conservation at

universities.

S. Boonyatikarn, 1982

Impact of Building Envelopes on Energy Consumption and
Energy Design Guidelines

Source: Proceedings of the ASHRAE/DOE
Conference, Thermal Performance of the Exterior
Envelope of Buildings |1, pp. 469-480.

Metering Analysis: Energy Performance

Building Type: Institutional, in Michigan
Measurements: Total fuel use

Modeling: Y es, multiple regression with 10 variables
Metering Duration/Interval: At least one
year/monthly

Energy use of 50 buildingsin Michigan was analyzed
statistically to identify major contributors to energy
consumption variation. An energy predicting model
was derived. Ten factors accounted for 93% of
variations.

Jay D. Burch, 1984

Approaches to Analyzing the Thermal Performance of
Commercial Buildings

Source: Proceeding of the Passive and Hybrid Solar
Energy Update, pp. 141-150.

Metering Analysis: Discussion

Building Type: Commercial

M easurements: None

Modeling: N/A

Metering Duration/Interval: N/A

Discusses four ways to thermally model a building: 1)
Mechanism level, 2) Component level,

3) Macrodynamic level, 4) Time-integrated level.

Y. M. Chang and R. A. Grot, 1984

Determination of Energy Reduction in Retrofitted Homes
Source: ASHRAE Transactions, Vol. 90, Pt 2B.
Metering Analysis: Retrofit

Building Type: Residential, single family

M easurements: Fuel bills

Modeling: Yes, linear regression

Metering Duration/Interval: 2 years pre-, 1 year post-
retrofit(?)
Analysis of low-income weatherization in 12 cities.
119 homesiin study.

Jeff E. Christian, 1982
Thermal Envelope Field Measurementsin an Energy-



Efficient Office/Dormitory

Source: Proceedings of the ASHRAE/DOE
Conference, Thermal Performance of the Exterior
Envelope Of Buildings 11, pp. 297-316.

Metering Analysis: Energy Performance

Building Type: Commercial, small office, and
dormitory

M easurements: End use electrical, fan on time, most
weather data, heat pump output, detailed
temperatures

Modeling: Y es, does energy balance, DOE-2
Simulation

Metering Duration/Interval: 1-1/2 months/hourly
Heavily instrumented new building with many energy
conserving features. Study was to assess
performance of these features. Used DOE-2 to
compare this building to base case building.

C. M. Cleary, 1986

Preliminary Analysis of Conservation Potential

in Office Buildings

Source: ASHRAE Transactions, Vol. 92, Pt. 2.
Metering Analysis: Retrofit

Building Type: Commercial, varied office and retail
Measurements: End use electrical, 32 channels per
building

Modeling: Yes, used DOE-2 to evaluate conservation
potential

Metering Duration/Interval: One year/hourly

Seattle City Light has project to evaluate load and
conservation potential in commercial buildings. They
created a base case building and simulated with DOE-
2. End use did not match energy use in monitored
buildings. Examined energy use per square foot.

Colleen Cleary and Marc Schuldt, 1986

Measured End-Use Savings vs. Predicted Savings of a
Commercial Lighting Conservation Retrofit

Source: Proceedings from the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings,

Vol. 9, pp. 45-57.

Metering Analysis: Retrofit

Building Type: Commercial, small, retail store
Measurements: Electrical end use for heating,
cooling, ventilation, lighting, refrigeration, hot water
Modeling: No, compared pre- and post-retrofit
electrical use

Metering Duration/Interval: 1 year pre-, 1 year post-
/hourly
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Seattle City Light is conducting research effort to
analyze energy consumption of commercial buildings.
Want to find potential for conservation. End use
electrical use monitored hourly. Found reduced
cooling and light energy.

J.D.CowanandI. A. Jarvis, 1984

Component Analysis of Utility Bills: A Tool for the Energy
Auditor

Source: ASHRAE Transactions, Vol. 90, Pt. 1B, pp.
411-423.

Metering Analysis: Discussion

Building Type: Commercial and institutional

M easurements: Fuel use, monthly

Modeling: Yes, find base energy use, then linear
relation for other uses such as heating

Metering Duration/Interval: At least one
year/monthly

Author admits that heating/cooling energy in all
buildingsis not linear but says useful to plot as such
as apreliminary to energy auditing. Can seeif energy
use is dominated by base load, heating, or cooling.

R. R. Crawford and J. E. Woods, 1985

A Method for Deriving a Dynamic System Model from
Actual Building Performance Data

Source: ASHRAE Transactions, Vol. 91, Pt. 2B, pp.
1859-1873.

Metering Analysis: Energy Performance

Building Type: Residential, single family
Measurements: |ndoor temperature, globe
temperature, electric heat, ambient temperature, solar
Modeling: Yes, indoor dry bulb and globe
temperatures modeled

Metering Duration/Interval: 30 days/15 minute
Model issimilar to BEVA (see Subbarao, 1985, below)
but does not use frequency domain equations.

Mark Duerr and Bonnie Cornwall, 1986

Issues Concerning the Use of Weather Correction Methods
by Schools and Local Governments to Determine Energy
Saved

Source: Proceedings from the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings,

Vol. 9, pp. 88-100.

Metering Analysis: Discussion

Building Type: Institutional, schools

M easurements: None



Modeling: Y es, examine several methods for
analyzing fuel use data

Metering Duration/Interval: none

The authors look at three methods of comparing fuel
use of one year to another: (1) No weather
adjustment, (2) The ““ratio" method using heating
degree days, (3) Regression analysis. Depending
upon climate, fuel data, and user, recommend each
type.

J. H. Eto, 1985
A Comparison of Weather Normalization Techniques for
Commercial Building Energy Use

Source: Proceedings of the ASHRAE/DOE/BTECC
Conference, Thermal Performance of the Exterior
Envelope of Buildings |11, pp. 109-121

Metering Analysis: Discussion

Building Type: Office, large and medium

M easurements: none

Modeling: Assesses degree-day weather
normalization techniques

Metering Duration/Interval: N/A

This study compared degree-day weather
normalization techniques to building performance
simulated by DOE-2 in two prototype buildings.
Found that all four methods examined did well, mainly
because energy use was not as sensitive to weather
as expected.

Margaret F. Fels, 1986

PRISM: An Introduction

Source: Energy and Buildings, Vol. 9, Nos. 1 & 2.
Metering Analysis: Retrofit

Building Type: Residential

M easurements: Monthly utility bills

Modeling: Yes, linear regression.

Metering Duration/Interval: At least 1 yr pre- and
post-retrofit/monthly

Method finds the NAC for the pre- and post-retrofit

periods. Has a method for finding base load of house.

Normalize for weather. Usually use weather station
data.

Charless W. Fowlkes, 1985

Shapshot: A Short-Term Building Energy Monitoring
Methodology

Source: Fowlkes Engineering, 31 Gardner Park Dr.,
Bozeman, MT 59715.
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Metering Analysis: Energy Performance

Building Type: Residential, single family
Measurements: Ambient and House Temperature,
hot water and total electric, solar flux, ventilation fan
Modeling: Y es, using 6-variable regression
Metering Duration/Interval: 1 day/hourly averages
Datafor 6 to 10 channels are collected for a period of
1to 3 days. Data analyzed on-site to produce
““Energy Rating Factors." Results are compared to
longer-term results.

Donald J. Frey et al, 1983

Monitored Heating Season Performance of the Mount Airy
Public Library Building

Source: Proceedings of the 8th Passive Solar
Conference, Sante Fe, N.M., pp. 391-396.

Metering Analysis: Energy Performance

Building Type: Institutional

Measurements: 22 channels, 5 indoor temperatures,
solar, ambient temperature, 5 heat pump electrical -
including resistance, hot water

Modeling: Y es, compared energy use to predicted
use, used ECAL program to model some parameters
Metering Duration/Interval: 6 months/weekly
averages

Did not normalize for weather or solar in making
comparisons. Modeled auxiliary heat needed, and
then added estimated solar gain to model (building
was designed for passive solar). Found substantial
differences between measured and predicted loads.

Betsy L. Gardiner et al, 1984

Measured Results of Energy Conservation Retrofitsin Non-
Residential Buildings: An Update of the BECA-CR Data
Source: Proceedings from the ACEEE 1984 Summer
Study on Energy Efficiency in Buildings,
Vol. D, pp 30-48.

Metering Analysis: Retrofit

Building Type: Commercial and institutional
Measurements: At least monthly whole building fuel
use

Modeling: No, compare energy intensities (energy
per unit area)

Metering Duration/Interval: At |east one year pre-
and one year post-retrofit/at |east monthly

Basically same report as previous paper. Authors
point out that weather normalizing techniques
developed for residences may be useful for small
commercial. Their sample has more large commercial



than is representative of building stock.

Betsy L. Gardiner et al, 1985
Measured Results of Energy-Conservation Retrofitsin
Nonresidential Buildings: Interpreting Metered Data
Source: ASHRAE Transactions, Vol. 91, Pt. 2B, pp
1488-1498.

Metering Analysis: Retrofit

Building Type: Commercial and institutional

M easurements: At least monthly whole building fuel
use

Modeling: No, compare energy intensities (energy
per unit area)

Metering Duration/Interval: At |east one year pre-
and one year post-retrofit/at |least monthly
Thisiswork done on the BECA-CR data base. 94% of
300 buildings saved energy after retrofit. Based on
total energy usein building. No normalizations. They
note complications in evaluating retrofits.

J. S. Haberl and D. E. Claridge, 1987

An Expert System for Building Energy Consumption
Analysis: Prototype Results

Source: ASHRAE Transactions, Vol. 93, Pt. 1
Metering Analysis: Energy Performance

Building Type: Institutional, university recreational
center

Measurements: Fuel use by type, outdoor
temperature, hours occupied, many other
observations

Modeling: Yes, predict fuel use by multiple
regression of significant parameters

Metering Duration/Interval: Multi-year or
continuous/daily

The authors have developed a computer program that
can predict energy use for this particular building
based on previous energy usage. The programis
used daily to reveal abnormal energy usage. Building
energy management tool.

B. K. Hodge et al, 1986

A Smplified Energy Audit Technique for Generic Buildings
Source: ASHRAE Transactions, Vol. 92, Pt. 2.
Metering Analysis: Discussion

Building Type: Institutional, but for all classes of
generic buildings

Measurements: Fuel use by end use (lighting,
heating, cooling, food service)
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Modeling: No, they use computer model to cal cul ate
““target" energy use

Metering Duration/Interval: 12 months/annual
Authors propose to classify buildings asto generic
typein one climate, and then establish energy use
intensity (energy per unit area) for an efficient, well-
managed building of thistype. Compare actual
energy to this “target" case to find areas of
inefficiency.

John Katrakis and Daniel Becker, 1984

Energy Savings in Buildings of Neighborhood-Based Non-
Profit Organizations

Source: Proceedings from the ACEEE 1984 Summer
Study on Energy Efficiency in Buildings,

Vol. D, pp. 74-84.

Metering Analysis: Retrofit

Building Type: commercial, small, includes
recreational assembly

Measurements: Energy use by fuel, from utility bills
Modeling: No, compared energy use

Metering Duration/Interval: Not stated, probably one
winter

This paper discusses attempts to measure
performance of retrofits. No normalizing is done.
Somehow they determine base energy usage. Most
retrofits were to reduce heat load. Examine
discrepancies between expected savings and actual.

Patrick Le Coniac et al, 1986

Energy Management Systems as a Source of Building
Energy Performance Data

Source: Proceedings from the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings, Vol. 9, pp.
170-185.

Metering Analysis: Energy Performance

Building Type: Industrial/commercial, office building,
and manufacturing.

Measurements: 4 zone temperatures, whole building
electrical use and demand

Modeling: Yes, correlate energy use with ambient
temperature

Metering Duration/Interval: 180 days/hourly

Use existing energy management system (EMS) to
gather energy use and temperatures of building.
Shows strong correlation between daily peak demand
and peak outdoor temp. Able to separate load due to
cooling. Can use EMSto find energy use patterns
and end use electrical .



N.P. Leslieet al, 1986

Regression Based Process Energy Analysis System
Source: ASHRAE Transactions, Vol. 92, Pt. 1.
Metering Analysis: Energy Performance

Building Type: Military base

M easurements: Production levels, heating degree
days, cooling degree days, energy use by fuel, labor
force

Modeling: Y es, multiple regression

Metering Duration/Interval: 7 years/monthly
Used whole base data to correlate fuel use with
several parameters. Heating degree days were best
predictor of energy use; labor force next. Actual
regression equations confidential. Had residual
changes in energy use as a function of time.

Sukhbir Mahajan et al, 1986

Energy Analysis of a Retrofitted School Building with a
Solar Air Heater

Source: Proceedings from the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings, Vol. 3, pp.
115-129.

Metering Analysis: Retrofit

Building Type: Institutional, elementary school
Measurements: Weather data, indoor temperature,
fuel use, heat to space, solar flux

Modeling: Yes, did steady state heat balance on
building to find solar fraction

Metering Duration/Interval: Two 12-day
periods/hourly

School had solar collectorsinstalled with other
retrofits. Study was to find how well collectors were
doing. Solar fraction determined by doing a heat
balance on building. Internal gains were assumed,
and heat |oss was determined at night.

R. P. Mazzucchi, 1986
The Project on Restaurant Energy Performance End-Use
Monitoring and Analysis

Source: ASHRAE Transactions, Vol. 92, Pt. 2.
Metering Analysis: Energy Performance

Building Type: Commercial, small, restaurants

Measurements: Many meters measuring multiple end
uses<197>electricity, gas, hot water<197>and weather

Modeling: Y es, multiple regression with weather,
customer count, other

Metering Duration/Interval: One year/15-minute.
On average, 1/3 of energy is used for food
preparation, 1/3 for HVAC, and 1/3 for sanitation,

refrigeration, lighting.

Fuller Moore, 1983

Monitored Performance of Patoka Nature Center: A Direct
Gain Building with Beadwall Night Insulation in South
Indiana

Source: Proceedings of the 8th National Passive
Solar Conference, Sante Fe, N.M., pp. 387-390.
Metering Analysis: Energy Performance

Building Type: Institutional, nature center

M easurements: End use energy, heating equipment,
lighting

Modeling: No, did some energy balancesto
determine solar gain

Metering Duration/Interval: One year/hourly

Found that solar contributed 48% of heat load. Made
numerous assumptions to find energy saved by
using bead-wall. Basically reportstotal energy usein
heating season.

L. K. Norford et al, 1985

Measurement of Thermal Characteristics of Office
Buildings

Source: Proceedings of the ASHRAE/ DOE/BTECC
Conference, Thermal Performance of the Exterior
Envelopes of Buildings 11,

pp. 272-288

Metering Analysis: Energy Performance

Building Type: Commercial, medium office building
Measurements: weather with solar, 5 indoor
temperatures, heat pump flow and temperatures,
electric use, infiltration

Modeling: Y es, use equivalent thermal parameters
and Fourier method

Metering Duration/Interval: Several months/hourly
Assuming steady state in winter |eads to consistent
UA values. In summer the use of air dampers during
day changes UA value. Actually is atransient
analysis using work of Sonderegger and Subbarao.
The thermal network istoo simple; BEVA (see
Subbarao, 1985, below) gives good results.

Larry S. Palmiter and J. W. Hanford, 1986

Relationship between Electrical Loads and Ambient
Temperature in Two Monitored Commercial Buildings
Source: ASHRAE Transactions, Vol. 92, Pt. 2.
Metering Analysis: Discussion

Building Type: Commercial, small office building and



grocery (ELCAP)

Measurements: end use electric, indoor and ambient
temperature

Modeling: Y es, examines |oad vs ambient
temperature

Metering Duration/Interval: 1 year/hourly

Finds a non-linear relation between HVAC energy
use and ambient temperature, due to nonlinear
equipment performance, manual control,
simultaneous heating and cooling on the same day,
and multiple uses of building. Relationship is not well
determined.

Erik W. Pearson and Larry Palmiter, 1986
Issuesin Load Shape Representation
Source: Proceedings of the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings, Vol. 9,
pp. 220-238.

Metering Analysis: Energy Performance
Building Type: Residential and commercial, office
building

M easurements: Total electrical load
Modeling: Y es, mathematical representations of
monitored data are derived to explore their ability to
represent complicated data.

Metering Duration/Interval: 1 year, hourly
Mathematical approach to developing functionsto
represent electrical |oad shapesis presented. Two
approaches are tried, but they are complicated and
appear to be more than is needed. They recommend
research on a stochastic component to be added to
the mean.

Mary Ann Piette, 1986

A Comparison of Measured End-Use Consumption for 12
Energy-Efficient, New Commercial Buildings

Source: Proceedings of the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings, Vol. 3,

pp. 176-192.

Metering Analysis: Energy Performance

Building Type: Commercial

Measurements: End-use energy<197>lighting,
cooling, heating, fans, pumps, miscellaneous
Modeling: No, mostly uses energy intensity to
compare buildings

Metering Duration/Interval: Varied/monthly
Authorsruninto difficulty when trying to compare
buildingsin different climates. Do not use a method
for normalizing. Also different types of commercial

buildings have radically different energy use, so
cannot compare directly.

Ari Rabl et al, 1986

Seady Sate Models for Analysis of Commercial Building
Energy Data

Source: Proceedings of the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings, Vol. 9, pp.
239-261.

Metering Analysis: Energy Performance

Building Type: Commercial and institutional,

5 office, 5 university

M easurements: Ambient temperature, total energy
use

Modeling: Yes, useregression to find base load,
balance point, and heating and cooling slope
Metering Duration/Interval: One year in most
cases/monthly

Reviews methods of building energy analysis.
Discusses problems with applying PRISM to
commercial buildings. Will only work when thereis
good correlation between energy use and ambient
temperature. Use of ventilation air distorts results.

P. D. Reiter, 1986

Early Results from Commercial ELCAP Buildings:
Schedules as a Primary Determinant of Load Shapesin the
Commercial Sector

Source: ASHRAE Transactions, Vol. 92, Pt. 2.
Metering Analysis: Discussion

Building Type: Commercial, warehouse and retail
(ELCAP)

M easurements: detailed end use electric

Modeling: No, analyzed load shapes

Metering Duration/Interval: About 6 months/hourly
Author looks at hourly load profiles of 2 commercial
buildings and shows how they are primarily driven by
schedules. When doing a comparison, it may be more
important to normalize for schedules than for weather.

T. E. Richtmyer et al, 1979

Thermal Performance of the Norris Cotton Federal
Building in Manchester, New Hampshire

Source: Proceedings of the ASHRAE/DOE-ORNL
Conference, Thermal Performance of the Exterior
Envelopes of Buildings, pp. 781-793.

Metering Analysis: Energy Performance

Building Type: Commercial, office building
Measurements: Fuel use by type, electric, gas, oil



Modeling: Partial, used NBSLD predictions to
compare to actual use

Metering Duration/Interval: 3 years/monthly(?)
Paper pointed out problems and solutions with the
energy conserving features of this building. When
energy use was higher than had been predicted,
problems were found in the building shell and
operation of HVAC equipment.

Howard Ross and Sue Whalen, 1982

Building Energy Use Compilation And Analysis (BECA)
Part C: Conservation Progressin Retrofitted Commercial
Buildings

Source: Proceedings of the ACEEE 1982 Summer
Study on Energy Efficiency in Buildings, Panel 3, pp.
1-28.

Metering Analysis: Retrofits

Building Type: Commercial and institutional
Measurements: Y early total fuel use by type
Modeling: No, compared annual fuel use directly
Metering Duration/Interval: 1 year pre-, 1 year post-
retrofit/annual

No weather normalizing was done. Most of the 223
buildings had floor area over 50,000 sq ft. Found
energy and cost savings, and then found payback
period of retrofits.

Donald K. Schultz, 1984

End Use Consumption Patterns and Energy Conservation
Savings in Commercial Buildings

Source: Proceedings of the ACEEE 1984 Summer
Study on Energy Efficiency in Buildings, Vol. D, pp.
103-131.

Metering Analysis: Retrofit

Building Type: Commercial

Measurements: Total fuel use by type, estimated end
use from audit

Modeling: None, auditor estimates fuel savings from
fuel bills

Metering Duration/Interval: 1to 2 years pre- and
post-retrofit/annual

Author points out difficulty in assessing retrofit
savings. Somehow auditors take into consideration
changes that might affect the pre- to post-retrofit
comparisons of energy use. Study covered several
thousand commercial buildings.

William A. Shurcliff, 1985
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Frequency Method of Analyzing a Building's Dynamic
Thermal Performance

Source: (book, 2/2/85 draft version, published by
author, Cambridge, Mass.)

Metering Analysis: Energy Performance

Building Type: Solar buildings

M easurements: none

Modeling: Y es, dynamic response

Metering Duration/Interval: N/A

Thisbook is an easy-to-read guide to using the
frequency method to predict temperature responses
in amassive solar building. Similar to BEVA (see
Subbarao, 1985, below), but author does not explain
how to use metered data to cal cul ate response factors
of building.

Robert C. Sonderegger, 1977

Modeling Residential Heat Load from Experimental Data:
The Equivalent Thermal Parameters of a House

Source: Proceedings of the International Conference
on Energy Use Management, Vol. 1, Tucson,
Arizona, pp. 183-194.

Metering Analysis: Energy Performance

Building Type: Residential, townhouse
Measurements: |ndoor and outdoor temperature,
solar flux, furnace heat rate

Modeling: Yes, using four-variable regression
Metering Duration/Interval: 7 days/hourly(?)
Defines and calculates " “equivalent thermal
parameters" (ETPs) of a house using metered data.
ETPs are: house heat loss per degree (F), equivalent
solar window area, rate of constant heat transfer to
ground and adjacent houses, and furnace efficiency.

L. G. Spielvogel, 1984

One Approach to Energy Use Evaluation

Source: ASHRAE Transactions, Vol. 90, Pt. 1B, pp.
424-435.

Metering Analysis: Discussion

Building Type: Commercial

M easurements: End use energy, when available
Modeling: No, only determine energy end uses from
available information

Metering Duration/Interval: N/A

Author shows the benefits of knowing end use of
energy when contemplating conservation measures.
Energy use patterns are often not at all what is
expected.



Lynn F. Stileset al, 1984

An Analysis of Energy Savingsin the Academic Buildings at
Sockton State College

Source: Proceedings of the ACEEE 1984 Summer
Study on Energy Efficiency in Buildings, Vol. D, pp.
132-147.

Metering Analysis: Retrofit

Building Type: Institutional, college buildings
Measurements: Total building gas and electric use
Modeling: Yes, linear regression with heating degree
days

Metering Duration/Interval: 5 years pre-, 90 days
post-retrofit

Analyzed energy savings using linear regression.
Heating and cooling play large rolein energy usein
these buildings.

Kris Subbarao, 1985
Building Parameters and Their Estimation from
Performance Monitoring
Source: ASHRAE Transactions, Vol. 91, Pt. 2B, pp.
1886-1992.

Metering Analysis: Energy Performance
Building Type: Residential

Measurements: Ambient and indoor temperature,
solar flux, heater power

Modeling: Yes, BEVA (see below)

Metering Duration/Interval: 7 days/half-hourly(?)
This paper describes aspects of the BEVA model. It
gives no clear indication on how to proceed with
modeling a building after data are collected.

Kris Subbarao et al, 1985

Short-Term Measurements for the Determination of
Envelope Retrofit Performance

Source: ASHRAE Transactions, Vol. 91, Pt. 2B, pp.
1516-1524.

Metering Analysis: Retrofit

Building Type: Residential

Measurements: Ambient and indoor temperature,
heater power, solar flux

Modeling: Yes, BEVA; find transfer functions that
describe house

Metering Duration/Interval: 7 days/half-hour

BEVA is amethod to determine building thermal
performance from short-term measuring. May need to
““intervene" to get needed data (i.e., may need to heat
building to higher than normal temperatures). Method
is not straightforward.
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Leonard W. Wall and John Flaherty, 1984

A Summary Review of Building Energy Use Compilation
and Analysis (BECA) Part C: Conservation in Retrofitted
Commercial Buildings

Source: What Works: Documenting Energy Conservation
in Buildings, Washington: American Council for an Energy-
Efficient Economy, 257.

Metering Analysis: Retrofit

Building Type: Commercial

Measurements: Total energy use by type

Modeling: No, compared energy intensities

Metering Duration/Interval: At least one year pre- and
post-retrofit /annual

Most of the buildings were large, so weather normalization
may not be important. However, weather normalization
should be an issue for the many schools in the data base.

N. W. Wilson et al, 1985

Equivalent Thermal Parameters for an Occupied Gas-
Heated House

Source: ASHRAE Transactions, Vol. 91, Pt. 2B, pp.
1875-1884.

Metering Analysis: Energy Performance

Building Type: Residential, single family
Measurements: All weather, indoor room
temperatures, furnace run time, duct temperatures
Modeling: Yes, looked at dynamic, steady state from
daily data and steady state from monthly data
Metering Duration/Interval: One year/hourly

For the dynamic model, needed at least a month of
data to get statistically meaningful results. Found
that accuracy of predictions of model for other
periods was affected by differencesin weather.
Dynamic model did not necessarily do better than the
steady-state models.

Donald R. Wulfinghoff, 1984

Common Sense about Building Energy Consumption
Analysis

Source: ASHRAE Transactions, Vol. 90, Pt. 1B, pp.
437-447.

Metering Analysis: Discussion

Building Type: Commercial

M easurements: None

Modeling: No

Metering Duration/Interval:

A discussion of what can be inferred from energy use
data. Submetering is sometimes the only way to know
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end use fuel use. Energy waste in a building should
be determined by examining entire building<197>not
just by a study of consumption.

Edward Wyatt and Olivier de laMoriniere, 1986
Measured Performance of Cool Storage in Buildings:
Summary of Initial Analysis

Source: Proceedings of the ACEEE 1986 Summer
Study on Energy Efficiency in Buildings, Vol. 3,

pp. 248-250.

Metering Analysis: Discussion

Building Type: Commercial

M easurements: Uncertain

Modeling: No

Metering Duration/Interval :

Part of the BECA-LM data base work. Submetering
needed to identify effects of load management on
buildings total energy use. Cool storage benefits may
not be seen for 3-4 years.



