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Abstract

The National Institute of Standards and Technology (NIST) isimproving its resource
allocation process by doing “microstudies’ of its research impacts on society. This report
isone of a series of microstudies prepared by NIST’ s Building and Fire Research
Laboratory (BFRL).

This report focuses on a critical analysis of the economic impacts of past, ongoing, and
planned BFRL research for developing and deploying cybernetic building systems
(CBS9) in office buildings. Building systems targeted for incorporation into CBS
products and services include energy management, fire and security, fault detection and
diagnostics, the real-time purchase of electricity, and the aggregation of building stock
for multi-facility operations. A CBSis defined as a multi-system configuration that is
able to communicate information and control functions simultaneously and seamlessly at
multiple levels. Pressure to increase building systems performance and reduce costs has
created a potential market for CBS products and services. BFRL is collaborating with
industry on the development of CBS products and services and is providing a forum for
conducting interoperability testing.

This case study of BFRL’s CBS-related research, development, and deployment effort
illustrates how to apply in practice a series of standardized methods to evaluate and
compare the economic impacts of aternative research investments. It is presentedin
sufficient detail to understand the basis for the economic impact assessment and to
reproduce the results. It is based on past, ongoing, and planned research efforts. Thus, it
includes CBS-related investment costs that have already occurred along with estimates of
future investment costs and cost savings due to the use of CBS products and services.

The results of this study demonstrate that the use of CBS products and services will
generate substantial cost savings to the owners, managers, and occupants of office
buildings across the nation. The present value of cost savings nationwide expected from
the use of CBS products and services in office buildings exceeds $1.1 billion ($1,176
million in 1997 dollars). Furthermore, because of BFRL’srole as afacilitator and
developer of key CBS enabling technologies, CBS products and services are expected to
become available commercially in 2003. Without BFRL’ s participation, the commercial
introduction of CBS products and services would likely be delayed until 2010.
Consequently, potential cost savings accruing to the owners, managers, and occupants of
office buildings over the period 2003 until 2010 would have been foregone. These cost
savings are $90.7 million in 1997 dollars. These cost savings measure the return on
BFRL’s CBS-related investment costs of approximately $11.5 million.
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Preface

This study was conducted by the Office of Applied Economicsin the Building and Fire
Research Laboratory (BFRL) at the National Institute of Standards and Technology
(NIST). The study is designed to estimate the economic impacts resulting from BFRL
research and to estimate the return on BFRL’ s research investment dollars. The intended
audience is the National Institute of Standards and Technology as well as other
government and private research groups that are concerned with evaluating how
efficiently they allocated their past, present, and future research budgets.

The measurement of economic impacts of research isamajor interest of BFRL and of
NIST. Managers need to know the impact of their research programsin order to achieve
the maximum social benefits from their limited budgets. The standardized methods for
measuring economic impacts employed in this study are essential to support BFRL’s
effort to evaluate the cost effectiveness of completed and ongoing research projects. As
additional experience is gained with the application of these standardized methods, their
use will enable BFRL to select the “best” among competing research programs for future
funding, to evaluate how cost effective are existing research programs, and to defend or
terminate programs on the basis of their economic impact. This need for measurement
methods exists across programs in BFRL, in NIST, and in other research laboratories.
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Executive Summary

This report is the third in a series of microstudies prepared by NIST’ s Building and Fire
Research Laboratory (BFRL)."" It focuses on acritica analysis of the economic impacts
of past, ongoing, and planned BFRL research for developing and deploying cybernetic
building systems (CBSs) in office buildings. Pressure to increase building systems
performance and reduce costs has created a potential market for CBS products and
services. BFRL is collaborating with industry on the development of CBS products and
services and is providing aforum for conducting interoperability testing. A CBSis
defined as a multi-system configuration that is able to communicate information and
control functions simultaneously and seamlessly at multiple levels.

This case study of BFRL’s CBS-related research, development, and deployment effort
illustrates how to apply in practice a series of standardized methods to evaluate and
compare the economic impacts of aternative research investments. It is presentedin
sufficient detail to understand the basis for the economic impact assessment and to
reproduce the results. It is based on past, ongoing, and planned research efforts. Thus, it
includes CBS-related investment costs that have already occurred along with estimates of
future investment costs and cost savings due to the use of CBS products and servicesin
office buildings.

Chapter 2 presents the five economic evaluation methods (i.e., economic measures) that
are most appropriate for measuring the benefits (cost savings) impacts of research
programs: (1) present value of net benefits (PVNB); (2) present value of net savings
(PVNS); (3) benefit-to-cost ratio (BCR); (4) savings-to-investment ratio (SIR); and (5)
adjusted internal rate of return (AIRR). The PVNB (PVNS) measures the overall
magnitude of the benefits (cost savings) net of the costs of undertaking the research. The
BCR (SIR) measures the benefits (cost savings) per unit cost of the research. The AIRR
is the annual percentage yield from a project over the study period, taking into account
the reinvestment of interim receipts. All five methods apply to Accept/Reject decisions.
Both PVNB and PVNS are appropriate for Design/Size decisions (selecting one among
mutually exclusive alternatives). BCR, SIR, and AIRR are appropriate for ranking
alternatives under a budget constraint. A format for summarizing economic impacts of
research investments is presented in Exhibit 2.1.

Chapter 3 describes BFRL’s CBS-related research, devel opment, and deployment effort
and each of its six key areas of research. The CBS efforts within BFRL are aimed at
producing a suite of products and services that integrate a wide variety of building

' The first report focuses on two building technology applications: (1) ASHRAE Standard 90-75 for
residential energy conservation; and (2) 235 shingles, an improved asphalt shingle for sloped roofing. See
Chapman, Robert E., and Sieglinde K. Fuller. 1996. Benefits and Costs of Research: Two Case Sudiesin
Building Technology. NISTIR 5840. Gaithersburg, MD: National Institute of Standards and Technology.

" The second report focuses on afire technology application: the Fire Safety Evaluation System. See
Chapman, Robert E., and Stephen F. Weber. 1996. Benefits and Costs of Research: A Case Study of the
Fire Safety Evaluation System. NISTIR 5863. Gaithersburg, MD: National Institute of Standards and
Technology.
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systems. Building systems targeted for incorporation into CBS products and services
include energy management (e.g., heating, ventilation, and air-conditioning (HVAC) and
lighting), fire and security, fault detection and diagnostics, the real-time purchase of
electricity, and the aggregation of building stock for multi-facility operations. How these
systems communicate, interact, share information, make decisions, and performin a
“synergistic” and reliable manner is at the heart of BFRL’s CBS program.

Chapter 4 provides a snapshot of the US construction industry. As such, it provides the
context within which the scope and size of the market for CBS products and servicesis
defined. Information isfirst presented on the value of construction put in place to show
the size of the construction industry and each of its four sectors. The four sectors are
residential, commercial/institutional, industrial, and public works. Information on the
commercial/institutional sector is then presented to focus on its importance within the
overall construction industry and to define its key components. Office buildings are
shown to be a key component of the commercial/institutional sector and are considered
the most likely market for CBS products and services. Special emphasisis then placed
on detailing the key characteristics of office buildings (e.g., building floorspace and year
of construction) to define the scope and size of the market for CBS products and services
in office buildings. Detailing the key characteristics of office buildingsis crucial,
because investments in CBS products and services affect additions, alterations, and
maintenance and repair activities as well as new construction activities.

A strategy for identifying, collecting, and measuring CBS-related benefits and costsis
presented in Chapter 5. The strategy identifies key stakeholders (e.g., building owners
and managers), presents comprehensive lists of CBS-related benefits and costs, and
documents the relationships between benefits, costs, and stakeholders. The strategy was
developed through an iterative process. First, information was solicited from al of the
members of the BFRL CBSteam. A brainstorming session was used to develop
candidate lists of key stakeholder classes and general types of CBS-related benefits and
costs. Second, the lists were refined and organized into a suite of “classification”
hierarchies. Third, the classification hierarchies were distributed to each of the BFRL
CBS project leaders and, upon their review of the classification hierarchies, critiqued in a
series of meetings. The meetings with the BFRL CBS project leaders also sought to
identify subject matter experts for follow-on discussions. Finaly, subject matter experts
from industry and government were interviewed. These interviews were used to finalize
the analysis strategy and the classification hierarchies as well as to collect information on
current industry practices and to identify additional data sources.

Chapter 6 describes the data and assumptions used to evaluate the economic impacts of
installing CBS products and services in office buildings. The goal of Chapter 6 is
fourfold. First, it establishes the sources and validity of the data used in the CBS
economic impact assessment. Second, it defines the base case and the CBS dternative.
Third, it produces estimated values for key sets of benefits and costs. Fourth, it
documents the process by which key assumptions were established, including how the
values of key parameters were set. For example, the study period over which costs and
savings are measured consists of the 25 years from 1991 through 2015. The base year is

XX



1997, and all dollar amounts are calculated in present value 1997 dollars. The discount
rate is 7 percent (real), which is the OMB discount rate in effect for government projects
in 1997.

The CBS economic impact assessment was carried out in two stages. In thefirst stage, a
baseline analysis was performed. In the baseline analysis, all input variables used to
calculate the economic measures are set at their likely values. It isimportant to recognize
that the term baseline analysis is used to denote a complete analysisin al respects but
one; it does not address the effects of uncertainty. In the second stage, nine input
variables were varied both singly and in combination according to an experimental
design. Monte Carlo ssmulations are employed to evaluate how changing the value of
these variables affects the cal culated values of the economic measures.

In Chapter 7 (see Exhibit 7-1), the results of the baseline analysis demonstrate that the
use of CBS products and services will generate substantial cost savings to the owners,
managers, and occupants of office buildings across the nation. The present value of cost
savings nationwide expected from the use of CBS products and services in office
buildings exceeds $1.1 billion ($1,176 million in 1997 dollars). Furthermore, because of
BFRL’ s role as afacilitator and developer of key CBS enabling technologies, CBS
products and services are expected to become available commercially in 2003. Without
BFRL’s participation, the commercial introduction of CBS products and services would
likely be delayed until 2010, and potential cost savings accruing to the owners, managers,
and occupants of office buildings over the period 2003 until 2010 would have been
foregone. These cost savings are $90.7 million in 1997 dollars. These cost savings
measure the return on BFRL’s CBS-related investment costs of approximately $11.5
million. Stated in present value terms, every public dollar invested in BFRL’'s CBS-
related research, development, and deployment effort is expected to generate $7.90 in
cost savings to the public. The estimated annual percentage yield from BFRL’'s CBS-
related investments over the 25-year study period is 16.2 percent.

Chapter 8 covers the sengitivity analysis. The objective of the sensitivity analysiswas to
evaluate how uncertainty in the values of each of the nine input variables, both singly and
in combination, trandates into changes in each of the six economic measures. The six
economic measures evaluated in the sensitivity analysis are: (1) the present value of
savings nationwide, PVSa, L ; (2) the present value of savings due to BFRL, PV Sgeri; (3)
the present value of BFRL’s CBS-related investment costs, PV Cgrry ; (4) the present
value of net savings dueto BFRL, PVNSgrri; (5) the savings-to-investment ratio on
BFRL’s CBS-related investments, SIRgrr.; and (6) the adjusted internal rate of return on
BFRL’s CBS-related investments, AIRRger.. The major advantage of the sensitivity
anaysisisthat it produces results that can be tied to probabilistic levels of significance
for each economic measure (e.g., the probability that PV NSgrr. IS greater than or equal
to zero, SIRgrrL IS greater than or equal to 1.0, or AIRRgerL IS greater than or equal to the
discount rate, each of which would indicate that BFRL’s CBS-related investments were
cost effective).
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The results of the sensitivity analysis serve to validate the results of the baseline analysis.
For example, the Monte Carlo simulation in which all nine of the input variables were
varied in combination produced 1,000 observations for each of the six economic
measures. The median value for each economic measure was amost identical to the
value calculated in the baseline analysis for that measure. Note, however, that results
from this Monte Carlo simulation reveal that the present value of net savings due to
BFRL, PVNSgrrL, can be negative. Thisimplies that there is some non-zero probability
that BFRL’s CBS-related investments are not cost effective. On the opposite extreme,
however, PVNSgrr. may reach nearly $1.4 billion in 1997 dollars.

The fact that the range of values for an economic measure is so wide prompted an in-
depth examination of the results of this Monte Carlo ssimulation for three of the six
economic measures. These measures are particularly helpful in understanding BFRL’s
contribution, since each measure provides a different perspective. The first, the present
value of net savings due to BFRL, is a magnitude measure; it shows a dollar value to the
public net of BFRL’s CBS-related investments. The second, the savings-to-investment
ratio on BFRL’s CBS-related investments, is a multiplier; it shows, in present value
terms, how many dollars the public receives for each public dollar spent. The third, the
adjusted internal rate of return on BFRL’s CBS-related investments, is arate of return; it
shows the return on the public monies going into the development of CBS products and
services throughout the 25-year study period.

For each of the three economic measures, less than 60 observations out of 1,000 were
responsible for the observed “uneconomical” outcome. Stated another way, thereis at
least a 94 percent chance that BFRL’s CBS-related investments are cost effective. This
underscores the importance of using multiple measures that ensure consistency in
decision making.

Chapter 9 discusses additional areas of research that might be of value to government
agencies and other institutions that are concerned with an efficient allocation of their
research budgets. These areas of research are concerned with: (1) the development of a
standard classification of research benefits and costs; (2) factors affecting the diffusion of
new technologies; (3) conducting prospective evaluations with scheduled follow-ups; and
(4) evauations based on multiattribute decision analysis.
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1. Introduction
1.1 Background

The pressures of competing in the global marketplace are affecting nearly every U.S.
business. Now more than ever, U.S. businesses are finding that they must continuously
improve their products and services if they are to survive and prosper. Research, with its
potential for incremental and breakthrough improvement is of central importance to most
businesses’ continuous improvement efforts. A key component of the competitiveness
problem is the “inability of American companies (or, more accurately, the U.S.-based
portions of what are fast becoming global technology firms) to transform discoveries
quickly into high-quality products and into processes for designing, manufacturing,
marketing, and distributing such products.”*

Increasingly, the winners in the competitiveness race are those businesses that most
rapidly make use of the fruits of research (e.g., new data, insights, inventions, and
prototypes). Efforts underway at the Nationa Institute of Standards and Technology
(NIST) and elsewhere in the U.S. focus on speeding up the commercia application of
basic and applied research results. The purpose of thisreport isto respond to the
follwing question: “ how do we measure the results of our investments in technology
development and application?” ? A case study approach is used to illustrate how
standardized evaluation methods may be used to measure the economic impacts of such
investments.

NIST’ s research laboratories serve al sectors of U.S. industry through focused research
programs. Each laboratory has strong working relationships with industrial, trade, and
professional organizationsin its areas of technology concentration. The program of
NIST’ s Building and Fire Research Laboratory (BFRL) is guided by a prioritized
research agenda developed by experts from the building and fire communities. Its
performance prediction and measurement technol ogies enhance the competitiveness of
U.S. industry and public safety. Specifically, BFRL is dedicated to improving the life-
cycle quality and economy of constructed facilities. BFRL studies structural, mechanical,
and environmental engineering, fire science and fire safety engineering, building
materials, and computer integrated construction practices.

To further strengthen itsties to industry, BFRL is participating in the Subcommittee on
Construction and Building of the National Science and Technology Council (NSTC).
The NSTC, a cabinet-level group charged with setting federal technology policy,
coordinates research strategies across a broad cross-section of public and private
interests. The Subcommittee on Construction and Building coordinates and defines

'Reich, Robert W. 1989. “The Quiet Path to Technological Preeminence.” Scientific American (October):
pp. 41-47.

“Good, Mary, and Arati Prabhakar. 1994. “Foreword.” In Mark Bello and Michael Baum, Setting
Priorities and Measuring Results at the National Institute of Standards and Technology. Gaithersburg,
MD: National Institute of Standards and Technology.



priorities for federal research, development, and deployment related to the industries that
produce, operate, and maintain constructed facilities, including, buildings and
infrastructure.®

BFRL has long recognized the value of measuring the impacts of its research program.
Previous studies have shown that even modest research efforts within BFRL are capable
of producing significant impacts.* One reason for such outcomes is the unique mix of
research facilities and skills possessed by BFRL and its staff. Through many years of
active collaboration with its various user communities, BFRL’ s research findings are
highly regarded when new construction, building, and disaster mitigation technologies
are considered for introduction into the U.S. market.

1.2 Purpose

This report is the third in a series of impact studies prepared by BFRL. It focuses on the
research, development, deployment, and adoption and use of Cybernetic Building
Systems (CBSs) in office buildings. The first report focuses on two building technology
applications: (1) ASHRAE Standard 90-75 for residential energy conservation; and (2)
235 shingles, an improved asphalt shingle for sloped roofing.> The second report focuses
on afire tﬁechnol ogy application: the Fire Safety Evaluation System for health care
facilities.

The CBS research and development effort within BFRL is aimed at producing a suite of
products that integrate a wide variety of building systems. How these systems
communicate, interact, share information, make decisions, and perform in a “synergistic”
and reliable manner is at the heart of BFRL’s CBS research and development effort.

This report employs standardized methods to evaluate the expected economic impacts of
the adoption and use of CBS products and services in office buildings. This “case study”
approach illustrates how to apply in practice standardized methods to evaluate and
compare the economic impacts of research investments. The standardized methods for
measuring economic impacts employed in this study are essential to support BFRL's
effort to evaluate the cost effectiveness of planned, on going, and completed research
projects. This need for measurement methods exists across programs in BFRL, in NIST,
and in other research laboratories.

3Seven goals to enhance the competitiveness of the U.S. construction industry are explicit in the mission of
the Subcommittee. For a detailed description of these goals and how the Subcommittee on Construction
and Building will approach them, see Wright, Richard N., Arthur H. Rosenfeld, and Andrew J. Fowell.
1995. Construction and Building: Federal Research and Development in Support of the U.S Construction
Industry. Washington, DC: National Science and Technology Council.

*Marshall, Harold E., and Rosalie T. Ruegg. 1979. Efficient Allocation of Research Funds: Economic
Evaluation Methods with Case Studies in Building Technology. NBS Special Publication 558.
Gaithersburg, MD: National Bureau of Standards.

®Chapman, Robert E., and Sieglinde K. Fuller. 1996. Benefits and Costs of Research: Two Case Sudiesin
Building Technology. NISTIR 5840. Gaithersburg, MD: Nationa Institute of Standards and Technology.
® Chapman, Robert E., and Stephen F. Weber. 1996. Benefits and Costs of Research: A Case Sudy of the
Fire Safety Evaluation System. NISTIR 5863. Gaithersburg, MD: National Ingtitute of Standards and
Technology.



1.3 Scope and Approach

This report takes along-run view of research planning and evaluation. The focusison
specific benefits and costs of research investments, with little attention being given to
institutional considerations and other constraining factors. Examples of such
constraining factors which research managers are likely to find important are the
compatibility of research projects with the organization’s mission and the ability to
perform those projects within budget constraints.

This report has eight chapters in addition to the Introduction. The body of this report,
Chapters 3 through 8, consists of a case study of CBSs in office buildings. The approach
taken in this report is to present all CBS-related information in sufficient detail both to
understand the basis for the economic impact assessment and to reproduce the results of
the economic impact assessment. The CBS case study isex ante in that it is based on
both past and on going and planned research efforts.

The CBS case study provides estimates of the economic impacts from BFRL research
efforts amed at the development and introduction of a suite of CBS products and services
for office buildings. The methodology and the standardized methods employed in the
study to measure the CBS's economic impacts are described in Chapter 2. Standardized
methods are used to define the key measures of the economic impacts of research
investments. A format for summarizing the economic impacts of research investmentsis
also presented. Chapter 3 describes BFRL’s CBS-related research and devel opment
effort. Both the overall CBS research and development effort and the six key areas of
research, which are its constituent parts, are described. Chapter 4 provides an overview
of the construction industry. The overview provides the context within which the market
for CBS products and services is defined. A strategy for measuring CBS-related benefits
and costsis presented in Chapter 5. The strategy identifies key stakeholders (e.g.,
building owners and managers), presents comprehensive lists of CBS-related benefits and
costs, and documents the relationships between benefits, costs, and stakehol ders.
Assumptions about those years over which costs and savings are tabulated, the
appropriate discount rate, and the rate and level of adoption of CBS products and services
in office buildings are necessary to measure the economic impacts of CBSs. These
assumptions, and the supporting data upon which these assumptions are based, are
described in Chapter 6. In addition, Chapter 6 develops estimates of the key benefits and
costs that are the focus of the ex ante impact assessment. These “significant few”
benefits and costs are well-defined subsets of the comprehensive lists presented in
Chapter 5. Estimates of the cost savings from using CBS products and services in office
buildings are the focus of Chapter 7. In addition, that part of dollar savings that appears
attributable specifically to BFRL’s research and development effort is estimated. A two-
page summary of the CBS case study is given in Section 7.1. Chapter 8 includes a
sengitivity analysis to provide the reader with additional background and perspective on
the economic impacts of BFRL's CBS-related research and development effort. The
purpose of the sensitivity analysisis to evaluate the impact of changing the values of a



number of key variables whose values are uncertain. Monte Carlo techniques are
employed to evaluate how changing the values of these key variables in combination
affects the calculated values of the key measures of the economic impacts of CBSs.

Chapter 9 concludes the report with a summary and suggestions for further research.



2. A Methodology for Analyzing Economic Impacts

This chapter focuses on laying out a methodology for conducting and summarizing an
economic impact assessment. The methodology is based on two types of analysis, five
measures of economic performance, and a format for summarizing the results of an
economic impact assessment. The two types of analysis are baseline analysis and
sensitivity analysis. They are described in Section 2.1. The five measures of economic
performance are present value of net benefits, present value of net savings, benefit-to-cost
ratio, savings-to-investment ratio, and adjusted internal rate of return. They are described
in Section 2.2. The format for summarizing the results of the economic impact
assessment is described in Section 2.3.

2.1 Typesof Analysis

2.1.1 Basdine Analysis

The starting point for conducting an economic impact assessment is referred to as the
baseline analysis. In the baseline analysis, al data (i.e., al input variables and any
functional relationships among these variables) entering into the benefit, cost, and
savings calculations are set at their likely values. For selected types of data, the input
values are fixed (e.g., aphysical constant or a value that is mandated by legislation). The
input values associated with these data types are considered to be known with certainty.
For other types of data, the likely values reflect the fact that some information associated
with these data is uncertain. Consequently, the values of any data subject to uncertainty
are set based on some measure of central tendency.’ Throughout this report, likely value
and basdline value are used interchangeably. Baseline data represent a fixed state of
analysis based on likely values. For this reason, the results and the analysis of these
results are referred to as the baseline analysis. Throughout this report, the term baseline
anaysisis used to denote a complete analysisin all respects but one; it does not address
the effects of uncertainty.

2.1.2 Sensitivity Analysis

Sensitivity analysis measures the impact on project outcomes of changing the values of
one or more key input variables about which there is uncertainty. Sensitivity analysis can
be performed for any measure of economic performance (e.g., present value of net
benefits, present value of net savings, benefit-to-cost ratio, savings-to-investment ratio,
adjusted internal rate of return). Since sensitivity analysisis easy to use and understand,
it iswidely used in the economic evaluation of government and private-sector

" Two common measures of central tendency are the mean (e.g., the sum of the individual values of the
items divided by the number of itemsin the sample) and the median (e.g., the middle value in arank
ordering of the individual values of theitemsin the sample). In most casesin this report, the mean is used
as the measure of central tendency. Any cases where the median is used as the measure of central tendency
isclearly indicated in the text. Consequently, if no explicit reference is made to the measure of central
tendency, the measure used is the mean.



applications. Office of Management and Budget Circular A-94 recommends sensitivity
analysisto federal agencies as one technique for treating uncertainty in input variables.
Therefore, a sensitivity analysis complements the baseline analysis by evaluating the
changes in output measures when selected key sets of data vary about their likely (i.e.,
baseline) values. Readers interested in a comprehensive survey on methods for dealing
with uncertainty for use in government and private-sector applications are referred to the
study by Marshall® and the subsequent video® and workbook.™

2.2 Overview of Evaluation Methods

Several methods of economic evaluation are available to measure the economic
performance of aresearch program, a new technology, a building, a building system, or
like investment, over a specified time period. These methods include, but are not limited
to, present value of net benefits, present value of net savings, benefit-to-cost ratio,
savings-to-investment ratio, and the adjusted internal rate of return. These methods differ
in the way in which they are calculated and, to some extent, in their applicability to
particular types of investment decisions. The five methods described in this section are
based on ASTM standard practices.' Detailed descriptions of each of the standardized
methods are given in Chapman and Fuller.? Readers interested in an excellent, in-depth
survey covering these as well as other methods are referred to Ruegg and Marshall.*

In order to describe each of the five standardized methods, it is necessary to first
introduce and define a series of terms. These terms are used to define each of the
standardized methods. Throughout this section the following terms are used as the basis
for defining the standardized methods:

a* = the dternative under analysis;

t = aunit of time, where —? is the earliest point (i.e., beginning of the
study period) before the base year (i.e., t=0) and T is the last point
after the base year (i.e., end of the study period);

L = the length of the study period (e.g., t? + T);

BY = the benefits for alternative a* in year t;

8Marshall, Harold E. 1988. Techniques for Treating Uncertainty and Risk in the Economic Evaluation of
Building Investments. NIST Special Publication 757. Gaithersburg, MD: National Institute of Standards
and Technology.

*Marshall, Harold E. 1992. Uncertainty and Risk—Part |1 in the Audiovisual Series on Least-Cost Energy
Decisionsfor Buildings. Gaithersburg, MD: Nationa Institute of Standards and Technology.

OMarshall, Harold E. 1993. Least-Cost Energy Decisions for Buildings—Part I1: Uncertainty and Risk
Video Training Workbook. NISTIR 5178. Gaithersburg, MD: Nationa Institute of Standards and
Technology.

" American Society for Testing and Materials (ASTM). Third Edition, 1994. ASTM Sandards on Building
Economics. Philadelphia, PA: American Society for Testing and Materials.

12Chapman and Fuller, Two Case Sudies in Building Technology, pp. 27-37.

®Ruegg, Rosalie T. and Harold E. Marshall. 1990. Building Economics: Theory and Practice. New Y ork:
Chapman and Hall.



the investment costs for alternative a* in year t;

C = the non-investment costs for alternative a* in year t;

c* = the combined cost for aternative a* inyear t (i.e.,
=1+ C);

s = the savings for alternative a* in year t;

d = the discount rate.

Throughout this section the prefix, PV, is used to designate dollar denominated quantities
in present value terms. The present value is derived by discounting (i.e., using the
discount rate) to adjust all benefits, costs, and savings—past, present, and future—to the
base year (i.e., t=0). The dollar denominated quantities defined above and their
associated present value terms are: the present value of benefits (PVB), the present value
of investment costs (PVI), the present value of non-investment costs (PVC), the present
value of combined costs (PVC), and the present value of savings (PVS).

2.2.1 Present Value of Net Benefits and Present Value of Net Savings

The present value of net benefits (PVNB) method isreliable, straightforward, and widely
applicable for finding the economically efficient choice among alternatives (e.g., building
systems). It measures the amount of net benefits from investing in a given aternative
instead of investing in the foregone opportunity (e.g., some other alternative or
maintenance of the status quo).

PVNB is computed by subtracting the time-adjusted costs of an investment from its time-
adjusted benefits. If PVNB is positive, the investment is economic; if it is zero, the
investment is as good as the next best investment opportunity; if it is negative, the
investment is uneconomical. Emphasisis on economic efficiency because the method is
appropriate for evaluating alternatives that compete on benefits, such as revenue or other
advantages that are measured in dollars, in addition to costs.

The present value of net savings (PVNS) method is the PVNB method recast to fit the
situation where there are no significant benefits in terms of revenue or the like, but there
are reductions in future costs (e.g., reductions in the cost of ownership to consumers).**
By treating savings like revenue benefits, the PVNB method may be reformulated as the
PVNS method.

4 there are any benefits, say in the form of revenues or other positive cash flows; add them to the cost
savings associated with the alternative under analysis.



The PVNB for agiven aternative, a*, may be expressed as:

PVNB* =PVB* - PVC?®

- 5 (67 - ct )i+ ot

t=-t?

If there are no important benefits in terms of revenue or the like, but there are reductions
in future costs, then, the PVNS for a given adternative, a*, may be expressed as:

PWNS® = (pvs® |- pvi¥

= éT (s,a’ -1 )/(1+ d)!

t=-t2
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If the decision maker anticipates revenues from the investment, then use the PVNB
measure. |If the decision maker expects costs to be reduced, then use the PVNS measure.
The PVNS measure is one of the methods used in the Cybernetic Building System (CBYS)
case study (see Chapters 7 and 8).

2.2.2 Ben€fit-to-Cost Ratio and Savings-to-Investment Ratio

The benefit-to-cost ratio (BCR) and the savings-to-investment ratio (SIR) are numerical
ratios whose sizes indicate the economic performance of an investment. The BCR is
computed as benefits, net of future non-investment costs, divided by investment costs.
The SIR is savings divided by investment costs. The SIR is the BCR method recast to fit
the situation where the investment’ s primary advantage is lower costs. SIRisto BCR as
PVNSisto PVNB.

A ratio less than 1.0 indicates an uneconomic investment; aratio of 1.0 indicates an
investment whose benefits or savings just equal its costs; and aratio greater than 1.0
indicates an economic project. A ratio of, say, 4.75 means that the investor (e.g., the
general public for a public-sector research program) can expect to receive $4.75 for every
$1.00 invested (e.g., public funds expended), over and above the required rate of return
imposed by the discount rate.

The BCR for agiven dternative, a*, may be expressed as:

BCR® = (pvB™ - PVC* )/PVI®

T
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The SIR for aternative a* may be expressed as:

SIR* =PVS® /PVI?

T

as /(1+d) 24

— t=-t*
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t=-t2

Aswas the case for the PVYNB and PVNS measures, use the BCR if the decision maker
anticipates revenues from the investment, and use the SIR if the decision maker
anticipates costs to be reduced. The SIR measure is the second method used in the CBS
case study (see Chapters 7 and 8).

2.2.3 Adjusted Internal Rate of Return

The adjusted internal rate of return (AIRR) is the annual yield from a project over the
study period, taking into account reinvestment of interim receipts. Because the AIRR
calculation explicitly includes the reinvestment of all net cash flows, it isinstructive to
introduce a new term, terminal value (TV). Theterminal value of an investment, a*, is
the future value (i.e., the value at the end of the study period) of reinvested net cash flows

excluding al investment costs. The terminal value for an investment a*, is denoted as
V.

The reinvestment rate in the AIRR calculation is equal to the minimum attractive rate of
return (MARR), the opportunity cost of capital, which is assumed to equal the discount
rate, d, aconstant. When the reinvestment rate is made explicit, al investment costs are
easily expressible as atime equivaent initial outlay (i.e., avalue at the beginning of the
study period) and all non-investment cash flows (e.g., benefits, non-investment costs,
savings) as atime equivalent terminal amount. This allows a straightforward comparison
of the amount of money that comes out of the investment (i.e., the terminal value) with
the amount of money put into the investment (i.e., the time equivalent initial outlay).

The AIRR is defined as the interest rate, r*, applied to the terminal value, TV*, which
eguates (i.e., discounts) it to the time equivalent value of the initial outlay of investment
costs. It isimportant to note that all investment costs are discounted to a time equivalent
initial outlay (i.e., to the beginning of the study period) using the discount rate, d.

Several procedures exist for calculating the AIRR. These procedures are derived and
described in detail in the report by Chapman and Fuller.*> The most convenient
procedure for calculating the AIRR is based on its relationship to the BCR (SIR). This

Chapman and Fuller, Two Case Studies in Building Technology, pp. 35-37.



procedure results in a closed-form solution for r*. The AIRR—expressed as a decimal—
isthat value of r* for which:

1
"= (1+d)(BCR* )t - 1
r=(1+d)(BCR") 25

= (1+d)(S Ra*)% -1

The AIRR measure is the third method used in the CBS case study (see Chapters 7 and
8).

2.2.4 Summary of Methods'®

The methods presented in the previous sections provide the basis for evaluating the
economic performance of research investments. The equations underlying the methods
presented earlier are all based on ASTM standard practices. All of the methods are
appropriate for evaluating accept or reject type decisions. But among the methods are
several distinctions that relate to the type of investment decision the decision maker is
facing.

There are four basic types of investment decisions for which an economic analysisis
appropriate:

(1) whether to accept or reject a given project;
(2) the most efficient project size/level, system, or design;

(3) the optima combination of interdependent projects (i.e., the right mix of sizes/levels,
systems, and designs for a group of interdependent projects); and

(4) how to prioritize or rank independent projects when the allowable budget can not
fund them all.

Each type of investment decision is important in a research environment. First, and
foremost, decision makers need to know whether or not a particular project or program
should be undertaken in the first place. Second, how should a particular research
project/program be configured? The third type of decision builds on the second and
introduces an important concept, interdependence. Many research projects/programs are
multidisciplinary and are analogous to a portfolio. In addition, there may be both
economies of scale (e.g., spreading out the use of specialized equipment) and of scope

'®For a comprehensive treatment of how to choose among economic evaluation methods, see the
NIST/BFRL video (Marshal, Harold E. 1995. Choosing Economic Evaluation Methods—Part 111 in the
Audiovisual Serieson Least-Cost Energy Decisions for Buildings. Gaithersburg, MD: Nationa Institute of
Standards and Technology) and workbook (Marshall, Harold E. 1995. Least-Cost Energy Decisions for
Buildings—Part I11: Choosing Economic Evaluation Methods Video Training Workbook. NISTIR 5604.
Gaithersburg, MD: Nationa Institute of Standards and Technology).
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(e.g., packaging of staff talents). Consequently, for a given set of skills, laboratory
facilities, candidate projects, and implied interdependencies, the problem becomes how to
choose that combination of projects which maximizes PVNB (PVNS). The fourth type of
decision introduces a budget constraint. The key here is how to get the most impact for
the given budget amount.

Table 2-1 provides a summary of when it is appropriate to use each of the evaluation
methods described earlier. Note that the PVNB (PVNS) method is appropriate in three of
the four cases. Only in the presence of a budget constraint is the use of PVNB (PVNS)

inappropriate and even in that case it plays an important role in computing the aggregate
measure of performance.

Table2-1. Summary of Appropriateness of Each Standardized Evaluation Method
for Each Decision Type

PVNB BCR
Decision Type PVNS SIR AIRR

Accept/Reject Yes Yes Yes
Design/Size Yes No No
Combination Yes No No
(Interdependent)

Priority/Ranking No Yes Yes
(Independent)

In summary, there are several reasons why multiple measures of economic performance
are necessary. First and foremost, managers want to know if a particular research project
iseconomic. Referenceto Table 2-1 shows that al of the evaluation methods address
this type of decision. Furthermore, these evaluation methods may be used ex ante for
emerging technologies as well as ex post for past research projects. Second, as issues of
design, sizing, and packaging combinations of projects become the focus of attention—as
often occurs in conjunction with budget reviews—the PVNB (PVNS) method emerges as
the principle means for evaluating a project’s or program’s merits.*’ Finally, the
tightening budget picture involves setting priorities. Consequently, decision makers need
both measures of magnitude, provided by PVNB (PVNS), and of return, provided by
either the BCR (SIR) or the AIRR, to assess economic performance. Multiple measures,
when used appropriately, ensure consistency in both setting priorities and selecting
projects for funding. The results from the CBS case study presented in Chapters 7 and 8
illustrate the importance of multiple measures of economic performance.

1 incremental values of the BCR (SIR) or AIRR are computed, they can be used to make design/size and
packaging decisions. See Ruegg and Marshall, Building Economics, pp. 54-58 and 85-87.
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2.3 Presentation and Analysis of the Results of an Economic Impact Assessment

The presentation and analysis of the results of an economic impact assessment are central
to understanding and accepting its findings. If the presentation is clear and concise, and
if the analysis strategy islogical, complete, and carefully spelled out, then the results will
stand up under close scrutiny. The purpose of this section is to outline a generic
framework for economic impact studies that meets the two previoudly cited conditions.
The generic framework is built upon the following three factors: (1) the significance of
the research effort; (2) the analysis strategy; and (3) the calculation of key benefit and
cost measures. A specific framework, tailored to BFRL, is given in Exhibit 2-1; it isaso
used as the basis for summarizing the CBS case study (see Section 7.1).

The discussion that follows relates the three factors for the generic framework referenced
above to the specific framework given in Exhibit 2-1. Exposition of the generic
framework serves two purposes. First, it provides a means for organizing the way to
present material associated with an in-depth economic impact assessment. Second, it
provides a vehicle for clearly and concisely presenting the salient results of the analysis.
Such a short summary is appropriate for use by senior research managers (e.g., laboratory
directors) as the basis for statements on the benefits of the research project or program to
the public. A two-page summary of the CBS case study is provided at the beginning of
Chapter 7.

2.3.1 Significance of Resear ch Effort

This section of an economic impact assessment sets the stage for the results that follow.
The goal at this point isto clearly describe:

(1)  why theresearch isimportant and how the organization conducting the
research became involved; and

(20  why someor al of the changes brought about were due to the research
organization’s contribution.

Emphasisis placed on providing dollar estimates to define the magnitude of the problem.
If any non-financial characteristics are of key importance to senior management, list and
describe them briefly. A clear tie into the research organization’s mission or vision is
included to demonstrate why the organization conducting the research is well qualified
and well positioned to participate in the research effort. The section concludes with a
statement of the research organization’s contribution.
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Exhibit 2-1. Format for Summarizing the Economic Impacts of BFRL Research

Efforts

1l.a Significance of Research Effort:

Describe why the research isimportant and how BFRL
became involved.

Describe the changes brought about by the BFRL
resear ch effort.

1b Key Points:

Highlight two or three key points which
convey why thisresearch effort is
important.

2. Analysis Strategy:

Describe how the present value of total benefits (savings) to the nation stemming from all

contributions to the research effort was determined.

Describe how the present value of total costs to the nation stemming from all contributors to the

resear ch effort was deter mined.

Describe how the present value net benefits (savings) to the nation was determined.

Describe how the present value of total benefits (savings) attributable to BFRL’ s research effort was

determined.

Describe how the present value of total costs attributable to BFRL' s research effort was determined.

Describe how the present value of net benefits (savings) attributable to BFRL’ s research effort was

determined.

Describe how any additional measures were calculated and how BFRL’ s contribution was

determined.

Summarize key data and assumptions: (a) Base year; (b) Length of study period; (c) Discount rate or

minimum acceptabl e rate of return; (d) Data; and (€) other.

3.a Calculation of Benefits, Costs, and Additional
M easur es;

Total Benefits (Savings):
Report the present value of the total benefits (savings)
attributable to BFRL'’ s research effort.

Total Costs:
Report the present value of the total costs attributable to
BFRL’s research effort.

Net Benefits (Savings):
Report the present value of net benefits (savings)
attributable to BFRL'’ s research effort.

Additional M easures:

Report the values of any additional measures calculated.

3.b Key Measures:

Report the calculated value of the
Present Value of Net Benefits (PVNB)
or the Present Value of Net Savings
(PVNS) attributable to BFRL and at
least one of the following:

+ Benefit-to-Cost Ratio (BCR) or
Savings-to-Investment Ratio (SR)

+ Adjusted Internal Rate of Return
(AIRR)
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2.3.2 Analysis Strategy

This section of an economic impact assessment focuses on documenting the steps taken
to ensure that the analysis strategy islogical and complete. Particular emphasisis placed
on summarizing the key assumptions, including any constraints that limited the scope of
the study. Responses are provided for key assumptions concerning: (a) the base year for
the study; (b) the length of the study period; and (c) the discount rate or minimum
acceptable rate of return used.

Special emphasisis placed on documenting the sources and validity of any data used to
make estimates or projections of key benefit and cost measures. This section establishes
an audit trail from the raw data, through data manipulations (e.g., represented by
eguations and formulae), to the results which describe how:

(D) the present value of total benefits (savings) to the nation stemming from
al contributors to the research effort under study was determined;

2 the present value of total costsfor al contributors to the research effort
under study, any users of the new technology under study, and any third
parties affected by either the research effort or the use of the new
technology was determined,;

3 the present value of net benefits (savings) to the nation stemming from all
contributors to the research effort under study, any users of the new
technology under study, and any third parties affected by either the
research effort or the use of the new technology was determined;

4 the present value of total benefits (savings) attributable to the research
organization’ s contribution was determined;

(5) the present value of total costs attributable to the research organization’s
contribution was determined,

(6) the present value of net benefits (savings) attributable to the research
organization’ s contribution was determined; and

@) any additional measur es were calculated and how the research
organization’ s contribution was determined.

2.3.3 Calculation of Benefits, Costs, and Additional M easures

This section of an economic impact assessment focuses on reporting the calculated values
of the key benefit and cost measures, as well as any additional measures that are deemed
appropriate. At this point, we note that it is essential to report the calculated value of the
present value of net benefits or the present value of net savings attributable to the
research organization’s contribution and at least one of the following:
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the benefit-to-cost ratio or the savings-to-investment ratio; or

(b) the adjusted internal rate of return.
Summaries (e.g., tables, graphs, comparative statistics) of the following information
should also be reported:
(D) the present value of the total benefits attributable to the research
organization’s contribution;
2 the present value of the total costs attributable to the research
organization’s contribution;
(©)) the present value of net benefits attributable to the research organization’s
contribution; and
4 the values of any additional measures cal culated.
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3. Building and Fire Research Laboratory’s (BFRL’s) Research
on Cybernectic Building Systems

3.1 Cybernetic Building Systems: What They Areand What They Will Do

During the next ten years, building control companies, equipment and systems
manufacturers, energy providers, utilities, and design engineers will be under increasing
pressure to improve performance and reduce costs. One means of accomplishing thisis
through the development, adoption, and use of cybernetic building systems (CBSs) that
integrate more and more building systems. Building systems targeted for incorporation
into CBS products and services include energy management (e.g., heating, ventilation,
and air-conditioning (HVAC) and lighting), fire (e.g., detection and fire fighting),
security, fault detection and diagnostics, optimal control, the real-time purchase of
electricity, and the aggregation of building stock for multi-facility operations. How these
systems communicate, interact, share information, make decisions, and performin a
synergistic and reliable manner needs to be addressed on an industry wide basis if CBSs
are to be successful and the U.S. isto obtain a significant share of the potential global
market for such systems.

A CBSisdefined as a multi-system configuration able to communicate information and
control functions simultaneously and seamlessly at multiple levels. The configuration
must also allow for two-way communication between the building(s) in which it is
installed, utilities, and energy and service providers. The multiple levels of
communication and control are based on the BACnet (Building Automation and Control
networks) layered protocol architecture.’®

BFRL isworking towards a fully operational CBS being tested and deployed by 2002.
To achieve this goal, BFRL isworking with industry (e.g., equipment and systems
manufacturers, and service providers), building professionals (e.g., owners, designers,
and operators), trade associations, professional societies, standards organizations,
university researchers, and other government agencies (e.g., General Services
Administration and the Department of Energy). Strategic partnerships for the overall
CBS research, development, and deployment effort is being patterned after the NIST
BACnet Interoperability Testing Consortium. The BACnet Consortium is a cooperative
research and development agreement between equipment manufacturers, facilities
managers, and researchers aimed at devel oping interoperable building control equipment
communicating with the BACnet protocol (see Section 3.2.1).

The overall CBS research, development, and deployment effort is built around six key
projects (see Sections 3.2.1 through 3.2.6). In addition, the overall effort includes a full-
scale demonstration of a CBS.

'8 For an overview of BACnet, see Section 3.2.1. For a description of BACnet's layered protocol
architecture, see Bushby (Bushby, Steven T. 1997. “BACnet: A Standard Communication Infrastructure
for Intelligent Buildings.” Automation in Construction (Vol. 6): pp. 529-540).
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A schematic for how the six key projects fit together and how BFRL will work with
industry to develop CBS products and services is shown in Figure 3-1. Each of the six
key projectsis represented by arectangle in the figure. These activities are undertaken
and funded primarily by BFRL. Those activities undertaken by the private sector are
represented by ovalsin the figure. Demonstration projects are a hybrid activity,
involving a broad cross-section of participants; they are represented by the rectangle with
rounded edgesin the figure. Unidirectional arrows or bi-directiona arrows (i.e.,
including a feedback mechanism) represent information flows between activities. Note
that the Virtual Cybernetic Building Testbed provides the mechanism through which
feedback between the upper tier of BFRL projects takes place. Figure 3-1 includes a
vendor tier. Because many different vendors will develop and offer commercial products
and/or services, the figure uses an ellipsis(...) to reflect the indeterminacy of the number
of vendorsin the vendor tier. Figure 3-1 shows the culmination of BFRL'’s efforts as the
demonstration projects. Once the demonstration projects are completed, the private
sector moves into a full-scale market adoption process. This process will evolve over a
number of years as the CBS products and services diffuse throughout the marketplace.

Prior to the deployment of fully operational CBS products and services in 2002, BFRL
will produce a series of intermediate products. These products are described briefly in
the series of bullets that follow:

Develop standard communication protocols for the open exchange of information
among energy providers, utilities, energy management systems, fire detection/smoke
control systems, security systems, elevator controls, and service providers.

Develop enabling technologies, such as fault detection and diagnostic methods, a
hierarchical framework for control decision making, advanced operating strategies for
aggregated buildings, and the application of real time fire modeling in buildings.

Develop advanced measurement technologies, including smart multi-functional
Sensors.

Develop performance measures, standards, and evaluation tools for protocol
compliance testing, real time monitoring, and the evaluation and documentation of
CBS interactions.

Construct a Virtual Cybernetic Building Testbed in the laboratory to facilitate the

development and evaluation of new products and systems by manufacturers and
external service providers.
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Figure 3-1. Flowchart of CBS Resear ch, Development, and Deployment Effort
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Develop a Consortium of manufacturers and service providers interested in
producing, testing, demonstrating, and selling CBS products and services.

Develop interoperability testing and certification programs to facilitate the
development and introduction of CBS products and services into the marketplace.

Conduct a prospective economic impact assessment of BFRL’s CBS-related research,
monitor outcomes, and conduct a follow-up economic impact assessment.

Develop and demonstrate the integration of CBS products, services, and concepts on
the system/subsystem level.

3.2 Key Components of BFRL’s Research on CBS

3.2.1 Building Automation and Control Networks (BACnet)

Today’ s direct digital control systems (DDCs) employ proprietary communication
protocols that prevent systems made by different manufacturers from communicating
with each other. The problem dates from the 1980s when dropping prices and rising
capabilities for computer-based technologies spurred the controls industry to use digital
controls. To operate these controls requires exchanging data over a network, and
individual DDC manufacturers solved the communication problems in different ways.
The proliferation of proprietary systems has frustrated building owners’ efforts to
integrate innovative products from different DDC manufacturers in ways that best suit the
unigue needs of their building(s). Prior to the introduction of BACnet, building owners
were forced to either forego potential cost savings due to systems integration or accept a
proprietary system from a single vendor that could severely limit future expansion
capabilities.

BACnet is a standard communications protocol for building automation and control
systems developed under the auspices of the American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE). BACnet provides a standard
communications infrastructure interconnecting building automation and control devices
made by different manufacturers. This makesit possible for building owners to obtain
competitive upgrades to building control systems. In addition, BACnet makes possible
the integration of building systems that currently stand-alone. 1n June 1995 BACnet was
approved as an ASHRAE standard and, later, as an American national standard by the
American National Standards Institute (ANSI). It has been selected as a European
Community pre-standard by the European Committee for Standardization. Today, there
are over 4,000 installed systems running BACnet in at least 16 countries.

In 1996, the largest federal building west of the Mississippi River, the Phillip Burton
Federal Office Building in San Francisco, was selected by the General Services
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Administration (GSA) for the first large-scale demonstration of BACnet among multiple
vendors.*® BFRL provided technical assistance to GSA for this project including
technical review of the control system design and specifications, |aboratory testing of the
BACnet capabilities of the products to be used in the building, and on site commissioning
support. BFRL has also been collecting and analyzing network traffic data to document
how BACnet performsin large control systems. Phase |l of the project, retrofit of the
control systems for the air handling units and over 1300 variable air volume (VAV) box
controllers, was completed in 1998 and the multi vendor BACnet control system isfully
operational. Phase |11 when underway will expand the BACnet system to a new central
plant facility and connect the control system in this building with other GSA buildings.
Thiswill provide centralized access to energy consumption and system performance data,
and prepare GSA for aggregating utility loads in a deregulated marketplace.

BACnet work is expanding beyond the HVAC realm. BFRL isworking with the
National Electrical Manufacturers Association (NEMA) and the National Fire Protection
Association (NFPA) to extend BACnet to fire protection products. NEMA has endorsed
BAChnet as the industry's recommended method of integrating security and fire alarm
systems with other building control systems. The first commercial BACnet fire system
products will be introduced within the next two years. New features are being added to
the protocol that will enhance the use of BACnet in life-safety systems. For example,
some day “smart elevators’ may be able to tap into HVAC control and fire detection
systems so, if there is afire, elevators can be used to help evacuate people in a safe and
efficient manner.

To date, BFRL has entered into cooperative research and devel opment agreements with
22 partners to develop interoperable building control equipment that communicates using
the BACnet protocol. The objective of the consortium is to assist the member companies
in developing products that conform to the BACnet standard and to develop
conformance-testing tools and procedures that can be used to establish an industry-run
certification program. BFRL has developed test methods and software testing tools and
provided facilities for member consortium companies to bring their prototype products
together for testing.

The Visual Test Shell (VTS) isaBFRL developed software tool for testing building
control products for conformance to the BACnet standard. VTS is now being used by
manufacturers who are developing BACnet products. The testing procedures
implemented in VTS have become the basis for a draft addendum to the BACnet standard
that defines a conformance test suite. A revised version of thistool, which runsin a
Windows95 or WindowsNT environment, was released in 1998. Development of the
testing tool will continue in parallel with an ASHRAE addendum to the BACnet standard
which will define conformance-testing procedures for BACnet.

19 Applebaum, Martin A., and Steven T. Bushby. 1998. “The 450 Golden Gate Project: The World's First
Large-Scale Use of BACnet.” ASHRAE Journal (Jduly): pp. 23-30.
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3.2.2 Smart Multi-Function Sensors

The United States currently spends billions of dollars annually to install and maintain
systems in buildings to assure safety from unwanted fires. A major opportunity for cost
savings is to reduce both these expenditures and fire-related |osses through the
introduction of new products. Smart multi-function sensors will permit fire and indoor
air quality (IAQ) sensor designers to demonstrate the feasibility of new concepts, to
provide the critical link between sensor input and output required for meaningful
numerical simulations, and to improve the reliability and performance of fire detection
systems.

Test protocols and certification processes have been developed to accommodate specific
fire sensor technologies. In the past, the sources used in these test methods were
optimized for a unique fire or smoke property to quantify detector response. Very little
has been done to determine the impact of test methods on the development of innovative
IAQ sensors. To improve detection sensitivity and reduce inappropriate responses, the
industry has developed new sensor designs based on the measurement of different aspects
of the fire source, or on specific combinations of sensors that can help in distinguishing a
real fire from an interfering background signal. Existing test methods are unable to
evaluate and quantify the performance of the new sensing systems needed for monitoring
and predicting the changing environment as part of a CBS.

BFRL isworking with the IAQ and fire sensing industries to identify the state of the
technology, the opportunities for sharing information among fire and other building
control systems, and the advantages and barriers hindering the adoption of emerging
technologies (e.g., micro-electronic gas sensor arrays and wireless communication
sensing). Emerging sensing technologies for duct and ceiling air velocity and pressure
differences between adjacent rooms will also be examined. Efforts will be aimed at
demonstrating the advantages of multi-function sensors (e.g., using the output of an
existing CO2/IAQ sensor to help define the fire/non-fire state or the movement of fire
gases) and multi-sensor (e.g., using the output from CO, temperature, and smoke sensors
to distinguish nuisance sources from threatening fires). Thiswill include the use of such
sensors for improving the reliability and performance of fire detection systems through
earlier detection of small fires, and the reduction in both false negatives (i.e., reported
fires that do not exist) and false positives (i.e., unreported fires). A standard means for
evaluating the response of fire and IAQ sensors, including exposure to nuisance sources,
will be developed and offered for adoption to industry. Water vapor condensation is
thought to be a major source of false negatives, but is also a useful marker for the
environmental state. A means for assessing a sensor’ s response to water vapor will be
explored. Full-scale room tests will be conducted to determine the environment adjacent
to the detector, and the fire-emul ator/detector-evaluator will be programmed to reproduce
those conditions.
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3.2.3 Advanced Fire Detection and Alarm Panels

As noted earlier, the United States currently spends billions of dollars annually to install
and maintain systems in buildings to assure safety from unwanted fires. A major
opportunity for cost savingsis to reduce both these expenditures and fire-related losses
through the introduction of new products. Advanced fire detection and alarm panels have
the potential to revolutionize the way building fires are detected, located, and fought by
fire-fighting personnel.

Advanced fire detection and alarm panels, when fully developed and deployed, will
isolate the location of afirein abuilding and predict the short and long term behavior and
effects of fire growth and smoke spread in the building. Development and deployment of
the advanced fire detection and alarm panels will be facilitated through a strategic
coalition with the detection industry, the National Electrical Manufacturers Association,
and the National Fire Protection Association.

To date, BFRL has developed an advanced model of fire growth and smoke spread in
buildings. As sensor use in buildings becomes more widespread, it is possible to use this
information as input to the BFRL model to detect and predict the evolution of afireina
building. Work is currently underway to orient the BFRL model so the inputs are based
on building plans, the contents of the buildings, and sensor data. As aresult, model
inputs can be specified both for current building systems and for more advanced systems
(e.g., those using the BACnet protocol). As the sensor suite becomes more extensive and
provides more information, model predictions can be refined to provide greater detail and
more reliable predictions for longer time intervals.

The advanced fire detection and alarm panels and their associated models and algorithms
will provide continuous estimates of the state of a building, enabling smart sensing to
reduce false alarms and to produce both short and long term predictions for purposes of
escape and rescue. For very large facilities, this would enable a measured response so
those incidents can be isolated and contained without general interruption of business. It
isimportant to verify the algorithms developed for the advanced fire detection and alarm
panels and to test them under avariety of adverse conditions to minimize false negative
reports. Elimination of both false negatives and false positives will be a high priority.
The algorithms employed will use sensor data to start the predictive models, and then
refine the prediction, as additional information becomes available. An important aspect
of this approach is the knowledge of what information sensors are reporting. For
example, analog information is available from the sensors, but a better understanding is
needed of how different sensors respond to the ambient environment. This effort will
require development of a standard test method to obtain these data for use in the sensor-
driven models and to quantify the response of single and multi-function building sensors
to thermal, flow, gas, and particulate loadings.
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3.2.4 Fault Detection and Diagnostic Systemswith Hierarchical Controls

Today’ s building energy management systems have the capability to monitor and log
operating data for thousands of measurement and control points. These capabilities
routinely exceed the capabilities of building owners and operators to process and
understand the data. Consequently, HVAC equipment frequently operates under the
influence of faults that go undetected. The faults lead to energy waste, occupant
discomfort, and shorter equipment life. Building energy management systems need to be
equipped with intelligent fault detection and diagnostic (FDD) tools to enable building
operators to ensure that HVAC systems are operating as expected. These FDD tools will
detect problems (i.e., faults) as they occur, determine what component or system is
failing or has failed, and recommend maintenance and repair procedures. These FDD
tools can then be incorporated into either the building energy management system, the
building equipment, or into stand-alone systems dedicated to fault detection and
diagnostics.

In 1998, BFRL completed the development of a prototype FDD Test Shell. The FDD
Test Shell is a platform based on Microsoft Windows dynamic data exchange (DDE) that
facilitates the integration of FDD modules (e.g., data, reference models, and possibly
multiple FDD methods) developed in any application development environment that
supports DDE. The FDD Test Shell can accept data from an experimental rig, a
simulation model, or afile containing columns of data. Part of this data might be used to
drive reference model modules that provide expected values of variables or parameters to
the FDD Test Shell. The differences (i.e., residuals) between the data and the reference
model values are computed automatically and made available to FDD methods that
operate on the residuals and present results on their individual user interfaces. FDD
methods can also access the unprocessed data provided to the Test Shell by the data
source. The modular architecture provides a structured way for researchers to share data,
models, and methods. Annex 34 participants®® have adopted the FDD Test Shell asa
working tool, and seven countries, including 11 separate institutions, have committed to
use the FDD Test Shell or to test their FDD methods with shared data sets.

During 1999, BFRL will extend the FDD Test Shell to include a module for evaluating
and comparing the output of FDD methods. In addition, afront-end program will be
written that will allow BFRL’s HVACSIM* program? to be a data source for the FDD
Test Shell. Finally, effort will begin on integrating FDD methods into a hierarchical
framework that coordinates operational information from various subsystems (e.g., VAV
boxes and air handling units). In its completed form, the FDD Test Shell is envisioned as
aplatform that will accept data from various sources, allow different modules to be
written in avariety of programming languages, and synthesize information obtained from
the various FDD methods in alogical manner.

2 | nternational Energy Agency Annex 34 Committee on Computer-Aided Evaluation of HVAC System
Performance: The Practical Application of Fault Detection and diagnostics Techniques in Real Buildings.
2 park, Cheol, Daniel R. Clark, and George E. Kelly. 1985. “An Overview of HVACSIM®, A Dynamic
Building/HV AC/Control Systems Program.” Proceedings of the 1% Annual Building Energy Smulation
Conference: pp.175-185.
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By 2002, the knowledge gained by integrating and synthesizing multiple FDD methods in
the FDD Test Shell will be used to develop a hierarchical architecture for CBSs that will
alow various CBS functions (e.g., energy management, fire detection, elevator control,
system optimization, building aggregation, and the real time purchase of electricity) to
work together. Both expert systems and fuzzy logic will be studied to address the
problem of “command fusion” (i.e., command coordination). The latter approach
converts command fusion into alogic of graded preferences with each control function
portrayed as an agent expressing “preferences’ that suggest which command to apply.
Fuzzy operators are used to combine the various preferences and to generate asingle
control choice based on multiple trade-offs. Fuzzy logic can aso be used to develop
“meta-rules’ to describe and implement strategies for high-level control arbitration.

BFRL isinitiating work with industrial partners and other control manufacturersto verify
the proper performance of prototype FDD products. In conjunction with this testing,
BFRL will begin an FDD demonstration project at the Phillip Burton Federal Office
Building or other suitable site. By 2001, FDD methods are expected to begin to be
implemented in energy management and control system products. By 2002, some of
these methods are projected to begin to be implemented in other building control
products.

3.2.5 Virtual Cybernetic Building Testbed

With the increasing pressure to integrate more and more building control systems and
services, there is aneed to be able to test and evaluate the complex interactions that are
likely under both normal and adverse (e.g., emergency) operating situations. In addition,
there is aneed to assist control manufacturers and service providers in the development,
testing, and certification of new products. Due to the complexity of the systemsinvolved
and the need to maintain a comfortable and safe building occupant environment at all
times, these tasks can not be accomplished using real buildings. However, these tasks
can be done through simulation/emulation. The establishment of a Virtual Cybernetic
Building Testbed (VCBT) will enable manufacturers to bring the actual control products
under development, obtain assistance in testing and evaluating their performance, and
perform interoperability tests with other manufacturers.

When fully deployed in 2001, the VCBT will consist of a variety of simulation models
emulating the performance of atypical CBS. The simulation models will be interfaced
with real state-of-the-art and prototype BACnet compliant control systems to provide a
hybrid software/hardware testbed. The testbed will be used by NIST researchers, control
manufacturers, service companies, and software developers to develop and evaluate
control strategies and control products that use the BACnet communication protocol.
The VCBT is designed to emulate the performance of both fault free and fault containing
building heating and cooling equipment, different HV AC systems, and the building shell.
In addition, lighting, vertical transport systems, and other services would be emulated.
An advanced graphical user interface is being developed along with remote accessibility
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to the VCBT through various communication interfaces, including telephone and the
Internet.

The VCBT will combine BFRL's extensive experience with the modeling and simulation
of buildings, HVAC systems, controls, and fires with the Manufacturing Engineering
Laboratory's (MEL’s) expertise in the area of systems integration, object oriented
programming, the use of a Common Object Request Broker Architecture (CORBA),
advanced information models and data bases, and the Virtual Reality Modeling Language
(VRML). It will make use of MEL's ATM (asynchronous transfer mode) network to
exchange information among the various VCBT components in real time and will allow
for both on-site and remote use of the VCBT by NIST customers.

The development and deployment of the VCBT is divided into four phases. Phasel,
which was completed in 1998, involves the development of an HVAC emulator to
simulate the performance of aVAV air handling unit, three VAV boxes, and three
building zones using BFRL's HVACSIM™ program. Phase I, which will be completed in
September 1999, involves development of a building shell emulator, a fire emulator, a
more complex HVAC emulator, a building/HVAC Product Model, and a VRML based
interactive VCBT display. The various VCBT components, which will be in different
NIST locations, will use the CORBA paradigm to provide areal time, distributed
emulation environment based on message passing between objects and client-server
programming. The last two phases will involve the enhancement of the VCBT front-end
and the expansion of the VCBT to include the emulation of additional building services,
fault containing systems, and other services likely to be provided by outside service
companies.

The VCBT will be used by researchers at NIST and other organizations to study the
complex interactions that occur as a result of integrating different building services and
systems. Of particular interest is the impact of integrating fire detection, smoke control,
transportation, HVAC, and energy management systems on life safety. The extension of
the BACnet protocol to cover lighting, fire detection, transportation, and other services
will be facilitated by the availability of the VCBT as atestbed for testing and evaluating
changesto the BACnet standard. The VCBT will also be used by manufacturers of
building controls and future CBS products to develop and test algorithms, evaluate the
performance of new products, and perform interoperability testing with other
manufacturers. The existence and use of the VCBT by newly developing service
companies will facilitate the devel opment of new building services, such as fault
detection and diagnosis, automated commissioning, building system optimization, and
predictive maintenance.

The VCBT will allow BFRL and ASHRAE to more quickly and reliably extend the
BACnet standard to cover non-HVAC services. By helping building researchers better
understand the interaction between different building control systems, the VCBT will
facilitate the development of new national and international standards for integrating
these systems in a manner that will enhance life safety, increase reliability, and result in
more efficient operation and enhanced building system performance.
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3.2.6 Economic Support for Cybernetic Building Systems

CBS products and services are one means to improve the performance of building
systems and to reduce the costs of these systems. But investmentsin and the use of CBS
products and services will be forthcoming only if industry perceives that the economic
benefits outweigh the costs of using such products and services. Being ableto
demonstrate net economic savings from using CBS products and services will encourage
their acceptance and use. Economic support for the overall CBS effort addresses the
need for information on the economic consequences of investing in CBS products and
services in two distinct ways.

First, the Office of Applied Economics (OAE) will conduct an ex ante (i.e., prospective)
economic impact assessment of BFRL’s CBS-related research, monitor outcomes, and
conduct a follow-up economic impact assessment. The subject of this report is the ex
ante economic impact assessment. OAE will aso design and create a database for
compiling information on CBS-related impacts. Once the database is in place, OAE will
monitor outcomes and compile information on CBS-related impacts in preparation for the
follow-up economic impact assessment.

Second, OAE will develop user-friendly, decision-support software to facilitate the
economic evaluation of CBS products and services and the identification of cost-effective
levels of investment in these products and services. To make cost-effective choices for
investments in CBS products and services, decision makers must have data on benefits
and costs associated with these products and services, information on who bears the costs
and reaps the benefits, and tools (methods and software) for measuring those benefits and
costs. Having a package of economic tools that helps users and stakeholders identify and
measure the benefits and costs of choosing between CBS products and services and
traditional products and services will accelerate the introduction and acceptance of CBS
products and services in the U.S. and abroad. Thus, OAE will produce an integrated
software package providing life-cycle cost (LCC) measurement capabilities for
evaluating CBS products and services. To assure industry acceptance of the software
package, it will be made consistent with ASTM’s LCC standard practice, E 917. Once
the software package has been finalized, OAE will seek out a private-sector collaborator
to market, distribute, and maintain the decision support software package.
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4. Market for CBS Products and Services

The construction industry is a key component of the US economy and is vital to its
continued growth. Investment in plant and facilities, in the form of construction activity,
provides the basis for the production of products and the delivery of services. Investment
in infrastructure promotes the smooth flow of goods and services and the movement of
individuals. Investment in housing accommodates new households and allows existing
households to expand or improve their housing. Clearly, construction activities affect
nearly every aspect of the US economy.?

This chapter provides a snapshot of the US construction industry. Assuch, it provides
the context within which the scope and size of the market for CBS products and services
isdefined. The chapter contains three sections. Each section deals with a particular
topic. The topics progress from general in nature to very specific. This progression is
described below.

Section 4.1 presents information on the value of construction put in place to show the size
of the construction industry and each of its four sectors. The four sectors, which taken
together define the construction industry, are residential, commercial/institutional,
industrial, and public works. Data from the past five years (i.e., 1993 through 1997) are
used to highlight the magnitude of construction-related investments in each sector. Data
from 1997 are then used to establish the relative shares of construction-related
investments for each sector.

Section 4.2 uses information on the commercial/institutional sector both to focus on its
importance within the overall construction industry and to define its key components.
Information on investment activity, the number of commercial/institutional buildings, and
the amount of commercial/institutional floorspace is used to identify both those
characteristics that are changing and those that are remaining constant. Office buildings
are akey component of the commercial/institutional sector. Information showing the
relative share of construction-related investments in office buildings vis-&vis the other
components of the commercial/institutional sector is aso presented.

Section 4.3 places special emphasis on identifying and detailing the key characteristics of
office buildings. Office buildings are considered the most likely market for CBS
products and services. Consequently, information detailing key characteristics (e.g.,
building floorspace and year of construction) is needed to define the scope and size of the
market for CBS products and services in office buildings. Detailing the key
characteristics of office buildings is crucial, because investments in CBS products and
services affect not only new construction activities but additions and aterations and
maintenance and repair activities aswell. Ways in which these key characteristics affect
the calculation of CBS-related benefits and costs are discussed in Chapter 6.

2 Readers interested in learning more about construction statistics, their sources and interpretation, are
referred to the document by Rogers (Rogers, R. Mark. 1994. Handbook of Key Economic Indicators. Burr
Ridge, IL: Irwin Professional Publishing).
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4.1 Value of Construction Put in Place

This section provides information on a key indicator of construction activity; the value of
construction put in place. Data published by the US Bureau of the Census are used to
establish the composition of construction expenditures by type of construction/function
(e.g., non-residential/office building). These expenditures are then assigned to the four
key construction industry sectors. The reference document used throughout this section
is the Current Construction Reports series C30 publication Vaue of Construction Put in
Place.?® A brief description of the “C30 report” follows. Special attenti