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The objective of this article is to answer these questions
by focusing on the fundamental importance of defining
a decisive set of measurable criteria for evaluating,
controlling, and assuring the intended performance
of sub-systems, and the whole building as a system,
throughout the phases of design and construction,
and during normal and extraordinary (e.g., natural,
accidental, and intentional disruptive events) operational
conditions.* To meet this objective, this article describes
means and methods by which these criteria can be
credibly defined and measured by the technicians,

supervisors, and contractors who comprise the ESW.

The knowledge base of the ESW must increase to meet
these growing demands. This article, which is presented
in three parts, is intended to encourage those with the
talent and desire to accept these challenges by taking
advantage of career opportunities through programs
developed and offered by the International Certification
Board and the Testing, Adjusting and Balancing Bureau
(ICB/TABB).?

Part 1:

The first question® leads to a focus on the meaning of
“Building Performance,” which has evolved to have
several connotations. The root of modern building
performance evaluations may be the real estate industry,
in which “property condition assessment” and “due

diligence” reports have been prepared for decades

Rational

as part of sales transactions. For these evaluations,
expected building performance outcomes are calculated
in financial terms (e.g., present net value of the asset,
estimated cost of repairs, market price, return on
investment). These outcomes can then be compared
to validated references or “benchmarks” that are
maintained by the industry. Similarly, the health care
industry has conducted evaluations and certifications
for more than 50 years to assure that the facilities
perform within industry and governmental standards of
health and safety (e.g., infection rates) and economics

(e.g., benefits and costs per patient-day).

Due to changes in policies, regulations, marketing
drivers, and advances in technologies within the last 10
years (2), expectations for “high-performance buildings”
have resulted in the promulgation of additional criteria
that pertain to attributes such as energy use, green
buildings, greenhouse gas emissions, and sustainability.
However, neither standardized methods of measurement
nor benchmarks for these additional criteria have been

nationally accepted for occupied buildings.

As indicated in Figures 1 and 2 in the previous article
(2), performance is not static but changes throughout
the lifespan of a building: each building performs
acceptably, or not, during “normal” and “extraordinary”
periods of operation. Assurance of quality building
performance requires contiguous evaluations of
residual risks through measurements of “performance,”

“preparedness,” and “resiliency’”

To credibly evaluate how well a building is achieving its two-fold purpose at any time during its useful life, valid and
reliable measures of its performance are required. Based on principles of control theory and the assumption that a

4 These phases and conditions were described in the first article of this series (refer to Figures 1 and 2).

building functions as a system, such a rational definition was proposed in 2008 (3):

J—

5 ICB/TABB is the first program to gain ANSI accreditation under ISO 17024 for certification in the HVAC testing, adjusting and balancing and fire life safety industry. This certification is a statement that the technician, supervisor
and contractor demonstrate the highest level of professional expertise.

6 “What is the basis of these growing demands?”

7 Resiliency is defined as responsiveness and time to recover after an extraordinary event (5)
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In this

Measured responses are expressed in terms of valid
parameters and reliable values (i.e., criteria) that are
systemically linked as shown in Figs. 1 and 2 in the

previous article (2; 3; 4)%

Human responses are the primary outcomes of

building performance. They should be:

+ Defined in terms of objective, perceptive, and
judgmental measures (e.g., health, safety, security,

accessibility, comfort, satisfaction, acceptability);

o Measured periodically and concomitantly with

occupant exposures during normal conditions; and

+ Measured as needed in preparation for, and

recovery from, extraordinary conditions.

Occupant exposures are defined as the sub-set of
physical and social factors that directly affect human
responses and system performance (e.g., physical
factors: temperature, humidity, and air movement;
luminance, contrast, and glare; noise and vibration;
airborne social factors:

indoor contaminants;

demographics; proxemics; secular trends; aesthetics).

+ Initial measures of the physical factors should be
obtained as part of the TAB process, at or before
occupancy; initial measures of the social factors
should be obtained as part of the functional

commissioning process (Cx).’

should be

periodically and concomitantly with human

« Subsequent measures obtained
responses and system performance during
normal conditions; and as needed in anticipation

of, and recovery from, extraordinary conditions.

System performance is defined as the sub-set
of capacity and control factors'® that directly
affect occupant exposures, resource utilization,
and economic performance (e.g., air and water
distribution; luminous and acoustic radiant flux;
power consumption; durability and reliability;

maintainability).

+ Initial measures of the capacity (e.g., heat and
mass transfer rates) and control (e.g., sensitivities,
response times, stability, resilience) factors should

be obtained as part of the TAB and Cx processes.

«  Subsequent measures of these factors should be
obtained periodically and concomitantly with
occupant exposures during normal conditions;
and as needed in anticipation of, and recovery

from, extraordinary conditions.

Resource utilization and economic performance are
the secondary outcomes of building performance.
They are the consequences of system performance and
occupant behavior (e.g., whole building energy and
water use, including renewable or recyclable resources;
occupant performance; facility productivity; return

on investment).

+ Initial measures of resource utilization (e.g.,
whole building energy and water use) should be
obtained as part of the TAB and Cx processes
during specified loads (ie., known forcing

functions — see below).

«  Subsequent measures of both resource utilization
and economic performance factors should be
obtained periodically during normal conditions
with documented physical and social forcing
functions; and as needed in preparation for, and

recovery from, extraordinary conditions.

Forcing functions are physical and social forces that
perturb the building system and the measured responses
during both normal and extraordinary conditions, as
shown in Figs. 1 and 2 (2). To understand and interpret
the results of the measured responses, it is necessary to
document, preferably by measurement, the magnitude or

influence of the concomitant forcing functions.!!

Sources of physical forces include climate (outdoor
temperature and humidity conditions); wind, rain
and snow loads (hurricanes, tornadoes, blizzards);
earthquakes; fires; floods; indoor and outdoor thermal,

chemical and biological releases; and blasts.

8 Characteristics of the measurement instrumentation will be the subject of the next article: Availability of Appropriate Instrumentation.

9 See subsequent section on Commissioning and Diagnosing Building System Performance. Training on commissioning processes is now available through programs developed and offered by ICB/TABB.

10 Capacity factors affect system performance at full-load conditions; control factors affect system performance at all part-load conditions (5).

11 The subject of the fourth article in this series will be: Interpreting Measurements and Evaluating Building Performance.
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Sources of social forces include aesthetics; economic
and other factors that motivate occupants, tenants
and owners; secular trends (e.g., policies on smoking,
green practices, fashions); and threats (e.g., job
security, reliability of utilities, criminal intent, and

terrorist activities).

By this definition, the set of response parameters and
their values should remain consistent throughout design

and construction and operations:

The parameters of the attributes should be defined and
selected to characterize a building for its intended
performance during normal and extraordinary

conditions.

The values of the parameters should be defined
and evaluated within predetermined limits of
uncertainties or expected errors during the normal

or extraordinary conditions.'?

Promisorial Definitions

Examples of these

Section 401(12) of EISA-2007 (6) defines a “high-
performance building” (HPB) as one that “integrates
and optimizes on a life cycle basis all major high
performance attributes, including energy conservation,
environment, safety, security, durability, accessibility,
cost-benefit, productivity, sustainability, functionality,

and operational considerations.”

Section 401(13) of EISA 2007 (6) defines a “high-
performance green building” (HPGB) as one “that,

during its life-cycle, as compared with similar buildings

26 ICB/TABB Journal / Vol. I, No. 2 / FALL 2014

Evidence indicates that a building is expected to perform
under “normal conditions” during 90 - 95% of its lifespan
(5). Throughout this time, overall building performance
is likely to change as shown in Figs. 1 and 2 (2): Changes
in values of forcing functions cause changes in values
of response functions, some of which then produce

“feedback” effects on the forcing functions.

TAB and Cx programs in which basic sub-sets of
rational site-specific criteria are defined, and methods
for measuring and evaluating them, are now available
through the International Training Institute (ITI).
Advanced programs are being developed for technicians,
supervisors and contractors, in conjunction with ICB/
TABB.

The rational definition ofbuilding performance does not presume a predetermined quality of performance. Other definitions
have been promulgated that promise a certain quality of performance (e.g., green, high, net-zero energy, sustainable),
but they do not define the concomitant forcing or response functions in measurable terms so that the actual building

performance can be evaluated and assured under normal or extraordinary conditions.

(as measured by Commercial Buildings Energy
Consumption Survey [CBECS] or Residential Energy
Consumption Survey [RECS] data from the Energy

Information Agency):
« reduces energy, water, and material resource use;

« improves indoor environmental quality, including
reducing indoor pollution, improving thermal
comfort, and improving lighting and acoustic
environments that affect occupant health and

productivity;

« reduces negative impacts on the environment
throughout the life-cycle of the building, including

air and water pollution and waste generation;

12 See Section below on Uncertainties and Errors of Measurement.



« increases the use of environmentally preferable
products, including biobased, recycled content, and

nontoxic products with lower life-cycle impacts;
« increases reuse and recycling opportunities;
« integrates systems in the building;

« reduces the environmental and energy impacts of
transportation through building location and site

design that support a full range of transportation

choices for users of the building; and

o considers

building on human health and the environment,

including:

1. improvements in worker productivity;

2. the life-cycle impacts of building materials

and operations; and

3. other factors that the Federal Director or

the Commercial Director consider to be

appropriate.”!?

ASHRAE Standard 189.1-2011 (7) defines an HPGB as

“a building designed, constructed and capable of being

operated in a manner that:

«  increases environmental performance and economic

value over time,

Benchmarks

indoor and outdoor effects of the

o seeks to establish an indoor environment that

supports the health of occupants, and

« enhancessatisfaction and productivityof occupants
through integration of environmentally-preferable
building materials and water efficient and energy-

efficient systems!*

In these promisorial definitions, the physical or social
forcing functions for normal and extraordinary
conditions are not identified, the hierarchy of the
response and forcing functions is not addressed, and
the italicized terms promise improvements of response

functions and processes that may not be measurable.

These definitions also reveal that risks are inherent
in promising building performance that cannot be
objectively measured and evaluated for compliance
with predetermined and agreed upon criteria during
the contiguous phases of design, construction, and
operations. Some of the risks associated with the
unfulfilled promises of achieving HPGBs during the
design process have been discussed by Butters (8).
Similar risks are also expected as a result of unfulfilled
promises made to justify modifications, renovations, or

changes in operations within existing buildings.

Within the last 10 years, the use of benchmarks and rating scales has become more common for evaluating certain attributes

pertaining to promised building performance, such as “green,” “sustainable,” and “energy-efficient.”

A benchmark is a “metric” identified to characterize a sub-
system, system, or whole building at a classified or specified
level of performance.'® Benchmarks are typically established
by modeling or obtaining measured data from a large number
ofbuildings and by normalizing the results with characteristics
such as climatic zones, demographic zones, seismic and flood
zones, threat potentials, building sizes, functional categories,

system types, and types of ownership.

Benchmarks may be expressed as quantitative averages
(e.g., Energy Utilization Intensities or Gross Energy
Intensities) or as qualitative descriptors (e.g., the overall
facility resilience associated with safety (seismic, wind, fire
or flood) or security (blast, CBR or ballistic) events (9).

Benchmarks are typically established by authorities having
jurisdiction (e.g., local, state, federal AHJs) or by owner’s

program requirements.

13 Neither the CBECS nor RECS database provides quantitative reference data for any response function in the EISA 2007 definitions of a HPB or a HPGB, except annual Gross Energy Intensity (Btu/GSF).

14 No database reference is cited in the ASHRAE 189.1-2011 definition of a HPGB with which either modeled or measured values can be compared.

15 Definition derived from (9).
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Examples of benchmarks are:

+  “On January 18, 2013, the District Department
of the final
rulemaking for energy benchmarking of private
buildings in the D.C. Register (60 DCR 367). The
rulemaking is supported by multiple guidance

Environment published the

documents, with technical details on what needs
to be reported and how, including forms for
requesting utility data, and instructions for the
adjustments being made to the program for its

initial year” (10).
« Section 422(c) of EISA-2007 sets a “goal” to

achieve zero-net energy'® in: any commercial
building newly constructed in the U.S. by 2030;
50% of the commercial building stock of the U.S.
by 2040; and all commercial buildings in the U.S.
by 2050 (6).

o Section 1.8.2 of the GSA P100-2014 states that
“To meet the goal of reducing total site energy
usage by 30 percent by 2015 as compared to a
2003 baseline, energy targets are established for
all new construction. The A/E must design all
new buildings to have an energy performance
below the EISA 2007 energy target or 30 percent
below ASHRAE 90.1 [-2007], whichever is
lower” (11)

A rating scale is a set of categories or a range of
numerical values designed to elicit information about
a quantitative or a qualitative attribute.” Rating scales
may be used as a basis to set benchmarks. Examples
of rating scales for building performance that are
currently popular in the US include:

US Green Building Council LEED™ Rating Scale
(12): Certified, Silver, Gold, and Platinum building
performance categories are awarded, depending on the
number of “credits” applied for and allowed by a third-

party evaluator.

Green Building Institute (GBI) Green Globe Rating
Scale (13): One to four Green Globes for building
performance categories are awarded, depending on the
number of “points” applied for and allowed by a third
party evaluator.

US Environmental Protection Agency (EPA) Energy
Star Rating Scale (14): A numerical rating is determined
as the ratio of inverse frequency distribution for
normalized values of EUT to average CBECS values for
the same categories of buildings (zero to 100%). Scores
of 75% or higher may lead to a certification from
the EPA. This scale only includes ratings for energy
consumption for certain types of buildings; it does not
pertain to overall building performance.

ASHRAE Building Energy Quotient (bEQ) (15): This
building energy labeling program awards an energy
performance rating of A+ (i.e., net zero energy) to
F (i.e., unsatisfactory). For existing buildings, an In
Operation label is offered based on measured energy
use. For new and renovation projects, an As Designed
label is offered based on a comparison of modeled
energy use under as-built conditions to the modeled
energy use under “standardized conditions” This label

does not pertain to overall building performance.

Note that the EPA Energy Star and ASHRAEbEQ rating
scales address only one attribute, energy consumption;
whereas, the LEED and GG rating scales also address
some other attributes. However, none of these rating
scales pertain to measures of human response, safety,
security, or system performance during normal or

extraordinary conditions.

The basis of the growing demands for improved
performance of buildings and their systems is the
meaning of “Building Performance” In Part 1, rational
and promisorial definitions have been discussed
together with the reliability of popular benchmarks
and rating scales that are being used for performance
evaluations. Asindicated in this Part, currently available
promisorial definitions, benchmarks and rating scales,
are likely to result in significant uncertainties with
regard to differences between measured and promised
whole building performance. Parts 2 and 3 in thisarticle
are intended to introduce methods that are capable of
reducing these uncertainties through techniques that
can be used by an ESW

16 Section 422 () defines a “net-zero-energy commercial building” as “a high-performance commercial building that is designed, constructed, and operated (A) to require a greatly reduced quantity of energy to operate; (B) to meet
the balance of energy needs from sources of energy that do not produce greenhouse gases; (C) in a manner that will result in no net emissions of greenhouse gases; and (D) to be economically viable”

17 Definition derived from Wikipedia, accessed 30 May 2013.
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« Unless these criteria are codified or adopted into
the contract documents, the contractors, building
owners, and managers are not liable for compliance.
Professional and general liability insurance
companies may preclude some of these criteria

from coverage.

« Voluntary compliance with these criteria may be
demonstrated by a label or certificate??, often
without obtaining measurements. The actual
building performance is not assured by these

certificates and labels.

« Limits of error or uncertainties are typically not

addressed in these standards and guidelines.

Certain performance criteria may also be defined
in contracts between owners and contractors, such

as “energy service” or “energy savings® companies

and Procedures

A knowledge gap exists as the current codes,
standards and guidelines do not provide relational
criteria with which an ESW can evaluate or assure
the dynamic equilibrium of a building’s performance
to within acceptable limits of error or uncertainties.
Comprehensive building performance can only be
assured when a set of relational criteria is defined,
agreed upon by the accountable persons (e.g., owner,
designer, contractor), and used to evaluate the balance
and resiliency of the response functions when perturbed
by forcing functions during normal and extraordinary
conditions. For continuity, these criteria and corresponding
procedures should be consistent for independent testing
(TAB and functional Cx) and for continuous balancing
through the use of the BAS and BIM:*

Criteria for response functions must be demonstrably
sensitive to perturbations of the forcing functions, as
described in the following sections and in more detail in

the next article in this series;*
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(ESCOs). The objective of an ESCO contract is to realize
energy cost savings that exceed the cost of the contracted
service to the owner.

« A potential conflict of interest inherent in an ESCO
contract is that compliance with other criteria, such
as health, safety, security, and productivity may
be compromised to realize the promised energy
cost savings.

« The ESCO is typically accountable only for the
energy cost savings; the owner remains accountable

for the overall performance of the building.

« Limits of error or uncertainties in the data needed
to determine the energy cost savings are typically
not defined or quantified in ESCO contracts.

For consistency in evaluating the dynamic equilibrium
of the response functions among the interactive
subsystems, the set of parameters and values must be
rational, measurable, and relational during all phases of
design, construction and operations:

« During design, the performance of the “virtual”
building should be analyzed, within acceptable
limits or error or uncertainties, by simulation of the
intended response functions to expected magnitudes
of the normal and extraordinary forcing functions.

« During construction, including substantial
completion, the response functions to actual or
simulated forcing functions should be evaluated
by initial testing (e., TAB), functional Cx, and

calibration of the BAS.

« During operations, the response functions to
actual forcing functions should be measured and
controlled by the BAS, and periodically verified by
independent testing and commissioning.

22 See Benchmarks and Rating Scales, described above.
23 See discussion of BAS and BIM in the first article (2).

24 Article 3 will focus on Availability of Appropriate Instrumentation.
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and
Diaghosing Building
System Performance:

While measurable parameters and values are useful
in commissioning procedures (Cx), they are essential
in diagnostics procedures (Dx). These two procedures
are related but not synonymous (18). Although these
procedures will be discussed in more detail in Article 4 of

this series, an overview of their differences is given here:

Cx is not necessarily quantitative; it may only be

observational (i.e., check lists) or may include functional 1.

evaluation of the commissioned systems and assemblies,

qualitatively or quantitatively (19). Qualitative

evaluationstypically do not include uncertainty analyses.

Dx is quantitative, based on uncertainty analyses, and 2.

focuses on compliance with relational criteria. Cx may 3

incorporate Dx procedures.

Dx may be used to: 4.
» Assure performance of subsystems or the whole 5.

building as a system;

o Evaluate

« Identify faults or failures in building system

performance during design, construction,
and operations;

dynamic equilibrium and optimal

performance of a building as a system for normal
and extraordinary conditions.

Dx may incorporate the use of BIM and BAS.

The following is a brief outline of the Dx procedures for

a new or existing building:

Determine purpose and scope of the Dx: assurance
or fault/failure detection (this step will define the
acceptable limits of error, or uncertainties) for
the process.

Determine level of desired accuracy of the Dx.

Establish a set of performance criteria for acceptable
accuracy and precision.

Formulate and quantitatively test hypotheses.

Interpret and prognosticate results
(see Article 4 for additional information).

for

“Test, Adjust, and Balance” (TAB)

The three processes that comprise TAB are, and will
continue to be, the essential core in assuring the
performance of a building. Knowledge of these active
processes provides a solid base upon which the ESW
can evaluate dynamic equilibrium and optimal building

performance throughout the lifespan of a building:

« TESTING is the process in which measurements
are obtained through approved manual and
automated procedures (i.e., protocols) to determine
if the components, subsystems, and whole-building
system are adequately performing in compliance
with the specified criteria for response and forcing
functions.

Examples of testing are: determining if the
leakage and flow rates (i.e., response functions) in
components, sections, and assemblies of air and
water distribution systems are acceptable when
challenged with specified static pressures (i.e.,

forcing functions).

36 ICB/TABB Journal/ Vol. I, No. 2 / FALL 2014

« ADJUSTING is the process of modifying the
components, subsystems and whole building system
to attain compliance with the specified performance

criteria, after initial testing.

Examples of adjusting are: sealing leaks, calibrating

and adjusting the control components, and
retesting to assure compliance with the specified

performance.

+« BALANCING is the process of proportioning the
adjusted response functions of the components,
sub-systems, and whole-building system to within
acceptable tolerances (i.e., limits of error) of the
specified values when perturbed by specific loads or

forcing functions.

Examples of balancing are: achieving proportional
mass and heat transfer rates through supply and
return air and water distribution systems to within
specified tolerances of the design intent.
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