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Building Commissioning Costs and Savings Across Three Decades and 1,500 North American Buildings
Eliot Crowe', Evan Mills', Tom Poeling?, Claire Curtin', Diana Bjgrnskov?, Liz Fischer?, and Jessica Granderson'

I Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, CA 94720, USA
2 Building Commissioning Association, 1600 NE Compton Drive, Suite 200, Hillsboro, OR 97006, USA

ABSTRACT

Building commissioning (Cx) is a process for assuring efficient building operations that can be applied to new
construction and existing buildings, resulting in energy and non-energy benefits. Quantifying the benefits of
commissioning is challenging, but a 2009 study of 643 commercial buildings provided a solid initial data set to
which we added 839 additional buildings for a significantly expanded and updated meta-analysis representing
34.7 million square meters (373 million square feet) of floor area. Since 2009 the commissioning industry has
continued to grow, driven by building codes, utility programs, and rising awareness of commissioning benefits. In
parallel, building controls have become more sophisticated, and analytics software has emerged to assist with
commissioning. We find that delivery mechanism and market segment are key determinants of outcomes, although
significant and cost-effective savings are found across the spectrum. Median primary energy savings for Cx projects
in existing buildings ranged from 5 percent for those conducted under utility programs, 9 percent for monitoring-
based commissioning utility programs (i.e., augmented with submetering and diagnostics), and 14 percent for Cx
projects outside of utility programs. Across all project types, median savings ranged from 3 percent for the lodging
market segment to 16 percent for public order and safety facilities. Outcomes did not vary significantly by building
size or by market segment. Energy savings are rarely estimated for new construction commissioning. We found that
the median costs of Cx were lower for the 2018 sample than for the 2009 sample—3$2.85 per square meter ($0.26
per square foot) for existing buildings (a 33 percent reduction) and $8.78 per square meter ($0.82 per square foot)
for new construction (a reduction of almost 50 percent). The median simple payback time for existing buildings was
1.7 years, with a 25th—75th percentile range of 0.8-3.5 years. This article summarizes these and other key findings,
and discusses how the 2018 data reflects shifts in commissioning practice and outcomes.

Nomenclature

Cx Commissioning (generic, representing applications to new as well as existing buildings)

EBCx  Existing Building Commissioning

MBCx Monitoring-Based Commissioning (a sub-process of EBCx, employing data analytics software)
NCCx New Construction Commissioning

1. Introduction

Commissioning (Cx) is a systematic process intended to verify and document that new and existing building systems
operate according to the building design and the owner’s operating requirements. For the current analysis, our focus
is on energy-using systems and their performance. The practice of commercial buildings’ Cx has evolved over the
past three decades, spurred by market demand, utility program delivery, and the inclusion of Cx in codes and
standards. Cx targeted at energy savings emerged in the early 1980s, with industry conversations regarding the
definition and scope of the Cx process taking hold in the 1990s. Initially more commonly applied to new
construction (NCCx), it later expanded to delivery through existing building commissioning (EBCx). In 1999 the
first North American utility rebate program offered EBCx (BCxA 2019), increasing to 43 programs by 2016 (CEE
2016), adding significantly to EBCx market growth. Outside of utility programs, the last decade has seen a move
toward more standardized approaches, driven by industry guidelines, building certifications such as LEED (USGBC
2019), standards such as ASHRAE 202 (ASHRAE 2013), and Cx provider training and certification.

Because Cx is a holistic approach affecting multiple interactive systems, it can be challenging to definitively
quantify its benefits, in contrast to those arising from the application of a discrete piece of technology or efficient
“widget.” Moreover, most efforts to determine outcomes were focused on individual buildings or small samples of
buildings. To address these challenges Lawrence Berkeley National Laboratory (Berkeley Lab) collected data from

1



52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102

hundreds of projects in 2004 and 2009, publishing the largest studies at the time on the costs and benefits of Cx
(Mills et al., 2004; Mills 2011). Mills 2011 reported median whole building source energy savings of 16 percent for
EBCx and 13 percent for NCCx, with simple payback periods of 1.1 years and 4.2 years, respectively. Beyond the
key headline metrics, Mills 2011 also characterized the breadth of Cx projects’ scope of work, systems on which the
Cx process was focused, building systems commissioned, non-energy benefits, and other qualitative aspects of the
Cx process. Aside from these studies there have been few publications describing large-sample cost/benefit analyses
for commissioning projects. An effort led by the National Institute of Standards and Technology (NIST) (Friedman
et al. 2011) to gather cost/benefit data from international projects found median EBCx savings of 8 percent from a
sample of 20 building commissioning projects, and did not receive any savings data for NCCx projects; the NIST
report cited challenges with obtaining cost/benefit data as a major limitation. A retrospective on the NIST study
highlighted an immediate global need for further investment in the collection of cost-benefit data for Cx to enable
informed decision-making and realize cost-effective Cx (Milesi-Ferretti et al. 2017). A meta-analysis of 24 U.S.
Building Retuning™ ! projects reported a 15 percent median energy savings (Katipamula 2016). There are many
published individual Cx case studies (such as Wang et al. 2013, SEDAC 2015, and Adighije et al. 2019),
documented with widely varying levels of detail; while these case studies are useful as examples of potential savings
of Cx and best practices there is typically an inherent bias, in that projects chosen for such efforts are generally the
highest performing projects and/or subject to above-average implementation effort, and thus are not representative
of the building stock as a whole. Disparate studies utilize varying assumptions (e.g., energy prices), complicating
efforts to compare results.

Since Mills 2011 was published, the Cx industry has continued to grow, and its methods have evolved, through the
introduction of code requirements, expansion of utility EBCx programs, and increased owner awareness of Cx
benefits. The last decade has also seen development of Cx specialties that expand the scope and emphasis of Cx
beyond its traditional focus on heating, ventilation, and air conditioning (HVAC) systems. Enclosure Cx, for
example, targets a building’s envelope, long recognized as a source of energy waste, and defects that can have
significant non-energy consequences, notably moisture entry and damage. There are several ongoing industry efforts
relating to this topic, for example the National Institute of Building Sciences published NIBS Guideline 3-2012 on
enclosure Cx (NIBS 2012), and the U.S. Green Building Council has allowed the application of enclosure Cx to earn
an “Innovation Credit” in the LEED rating system. Lighting-controls Cx is another area that has seen more focus
over the past decade, targeting illuminance levels, sensor coverage patterns and placement, control zoning, control
sequencing, and the intelligibility of controls to occupants and building managers (Welsh 2017). There are also
recent examples of guidance on how the Cx process can apply to renewables and storage technology (Strand 2011;
Dunn 2012; Salmon 2012), which is expected to become more important as more buildings target net zero energy
and owners look to capitalize on incentives to shift peak demand.

Another area of Cx that has seen growing interest over the past decade is the application of sophisticated energy
management and information system (EMIS) software to support monitoring-based commissioning (MBCx)
processes. Early work documented 11 percent median source energy savings from MBCx approaches deployed in 24
higher education buildings in California in 2004/2005 (Mills 2014). A more recent study on building owners using
comprehensive EMIS-based MBCx approaches found 7 percent median site energy savings, based on data from 687
buildings totaling 8.7 million square meters (m?) of floor area (Kramer et al. 2019), and a subset of that data showed
8 percent median site energy savings based on data from 550 buildings where MBCx was implemented with the
support of fault detection and diagnostics (FDD) software (Lin 2019).

Through the continued evolution of the state of art and knowledge in Cx practices over the past decade, several key
research questions have emerged:

1) How has the scaling of Cx deployment due to codes, standards, utility EBCx programs, and other market
factors affected its costs and benefits?

2) Is Cx still dominated by HVAC-related operational improvements, or has there been a shift toward other
system types such as lighting and building enclosure Cx?

! Building Retuning™ is a variant of EBCx developed by Pacific Northwest National Laboratory.
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3) With the emergence of more sophisticated and user-friendly analytics tools to support MBCx, what data are
available on the relative costs and benefits of MBCx compared to EBCx?

To address these key industry questions, we acquired and analyzed more recent data on North American Cx project
costs and benefits; as a result, the total number of commissioned projects in the study data set increased almost
threefold compared to Mills 2011, with a total of 1,185 projects represented (compared to 409 projects in Mills
2011). The new data enables a fresh meta-analysis of the Cx industry, describing typical practices and costs and
savings, and showing how the practice of Cx has evolved over time, based on the largest Cx project data set in terms
of building count and longitudinal coverage. In addition to creating the largest known data set and meta-analysis of
commissioning project outcomes (representing a wide range of building types and climates), this work is unique in
identifying comparative results for utility- and non-utility-sponsored projects, as well as those from MBCx projects.

This article describes the research methods (Section 2), data analysis results (Section 3), and discussion of the results
and their implications (Section 4), and summarizes conclusions and recommendations for future work (Section 5).

2. Methods

The data collection and analysis for this study was designed to obtain cost, benefit, and qualitative data on individual
EBCx/NCCx projects for a wide variety of commissioning projects implemented across the United States. Data
collection and analysis progressed through several stages, as illustrated in Figure 1. The overarching approach was
designed to prioritize trustworthy data sources, maximize the size and spread (e.g., market segment variety, building
size range, geographical diversity) of the data set, and complement the data analysis with insights from a Building
Commissioning Association (BCxA) national market survey that would help contextualize the analysis results. Data
collection methods/instruments and analyses were consistent with those applied in Mills 2011, enabling synthesis
into a single set of data covering Cx trends and changes over time.

Merge 2018 data with
2009 data; normalize
for inflation, energy

price, etc.

Acquire data; review
for completeness and |—>
consistency

Define data S Develop data S
requirements collection instrument

\4

Conduct additional

> analysis to assess
possible shifts in key

market attributes

Re-compute key
cost/benefit metrics
reported in Mills 2011

Characterize sample >
composition

Figure 1. Data collection and analysis methodology
The data-collection and analysis steps are described in more detail below.

2.1. Definition of data requirements and development of the data collection instrument

To establish analysis findings that could be compared with prior Cx cost/benefit studies, data requirements for this
study were kept consistent with Mills 2011. Data provided for the study were obtained from engineering records
maintained for commissioning project reporting and documentation, enabling a large data set to be compiled within
the resources available. This is preferred to primary efforts to assess project-by-project costs and benefits, which is
not practical when a large sample is sought, as it would yield a relatively small data set, and would leverage similar
industry-standard savings estimation approaches.

Starting from the spreadsheet-based data collection instrument used in Mills 2011, minor modifications were made
to simplify data collection. Some data entries were removed if (1) they were considered less important to the current
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research questions, and/or (2) they received very low data submission rates in the prior study. Additional formatting
edits were made to simplify the form and increase the likelihood of obtaining completed responses.

2.2. Project data collection and review

To allow for the collection of large amounts of project data with some assurance of data quality and consistency, the
majority of the 2018 Cx project data set was drawn from two sources. First, the authors reached out to several
utilities for EBCx data. The majority of this information came from two utilities, who provided data on all projects
completed within a certain timeframe, i.e., they did not hand-pick projects for submission, thus minimizing potential
bias. Costs and savings documentation for Cx projects sponsored by regulated utilities are expected to follow
industry-standard protocols developed by third-party organizations, are subject to utility technical review, and are
also sampled for independent review, providing further assurance of consistency and accuracy in the data received
for this study. The two utilities providing the majority of EBCx data in the 2018 sample were electric-only utilities,
though they provided data on natural gas savings where applicable and natural gas baseline consumption where
available.

All 2018 NCCx project data were sourced from Cx firms affiliated with BCxA, a non-profit Cx membership
organization that provides training and certification for its members. BCXA members are required to sign a
commitment to follow the “Essential Attributes” defined by BCxA (BCxA 2018), which include general standards
of record-keeping and documentation; this provides additional assurance of the reliability and quality of data that
were received from BCxA members for this study. In the case of BCxA-affiliated Cx providers, project data came
from 21 respondents, with each providing data for one to five projects. The authors conducted quality checks for
data completeness and consistency, and reached out to data providers (Cx providers or utilities) for clarifications
where needed (e.g., if data points were excessively high or low we reached out to the data provider to check if it was
due to documentation error).

The subset of data originally reported by Mills (2011) also underwent significant quality assurance. Data were
reviewed for completeness and potential errors, and clarifying information was collected from the primary data
sources. This cohort included many projects originally published in peer-reviewed journals and conference
proceedings. Five project cohorts were derived from independent rigorous research efforts by Texas A&M
University (110 projects), the New York State Energy Research and Development Authority (NYSERDA) (1
project), the “UC/CSU” program spanning multiple colleges and universities in California (21 projects), the
Minnesota Center for Energy and Environment (8 projects), and the Northwest Energy Efficiency Alliance (8
projects). Another subset (92 projects) was collected by Portland Energy Conservation Incorporated, a highly
respected public-interest engineering organization considered to be a thought leader in the practice of
commissioning. Los Angeles County rigorously commissioned 11 large projects. Three early quality-controlled
utility programs in the data set include Colorado-based Xcel (38 projects), Southern California Edison (5 projects),
and Sacramento Municipal Utility District (8 projects).

2.3. Sample composition

The Cx projects’ sample is very diversified in terms of variety of market segments, vintages of buildings, building
construction and HVAC system types, date of commissioning work, types of measures implemented, building
ownership (public/private), climates, etc. The EBCx projects data collected in 2018 comprised 705 projects (738
buildings), covering 23.4 million m? (252 million square feet [ft’]) When combined with the 2009 data set (as
reported in Mills 2011) this yielded a total of 1,037 projects (1,299 buildings), covering 31.8 million m? (342 million
ft?) (see Table 1). The 2018 data set was dominated by data from two utilities: one in Illinois (61 percent of projects)
and the other in British Columbia, Canada (21 percent of projects). An additional 8 percent of projects were drawn
from California utility programs. For comparison, 37 percent of the 2009 EBCx data set comprised utility-sponsored
projects. The top four market segments represented in the 2018 and 2009 data sets were the same: office, hospital
(inpatient), higher education, and lodging. When pooled together, the combined EBCx project data set includes
projects completed between 1984 and 2018. The EBCx projects are further divided into utility EBCx, EBCx projects
implemented outside of utility programs, and utility MBCx projects.
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The NCCx data collected in 2018 comprised 71 projects (101 buildings), covering 2.1 million m? (22 million ft?)
When combined with the 2009 data set this yielded a total of 148 projects (183 buildings), covering 2.9 million m?
(31 million ft?) (see Table 1). Data on NCCx projects, all received from non-utility data sources, were more evenly
spread geographically than EBCx projects. Market segmentation was significantly different in 2018 compared to
2009 data: in 2018 office buildings, hospital (inpatient), and K-12 schools represented 80 percent of total floor area,
whereas the top three market segments by size in 2009 were public order/safety, laboratories, and office buildings
(totaling 58 percent of the floor area). When pooled together, the combined NCCx project data set includes projects
completed between 1993 and 2018.

Table 1. Sample composition for combined Cx data set

EBCx NCCx Total
Number of projects 1,037 148 1,185
Number of buildings 1,299 183 1,482
Floor area in m? (ft?) 31.8 million 2.9 million 34.7 million
(342 million) (31 million) (373 million)
Median project floor area in 16,737 8,382 15,177
m? (ft%) (180,158) (90,228) (163,363)
Date range of projects 1984-2018 1993-2018 1984-2018

2.4. Data analysis

The starting point for the data analysis was the set of primary cost and benefit metrics reported in Mills 2011:

*  Cx whole building source energy savings percent (%): E; <+ Ej

e Cxenergy savings in thousand Btu per square meter (kBtu/m?): E; <+ A
e Cx energy cost savings per square meter ($2017/m?): C, + A

+  Cx cost per square meter ($2017/m?): C, + A

¢ Cxproject simple payback (years): C, + Cj

Where E; is the calculated whole building source energy consumption savings (kBtu) including both electric and
natural gas, E, is the whole building baseline energy consumption (kBtu) including both electric and natural gas
consumption (site electric savings/consumption were reported, and these values were converted to source energy
values [U.S. EPA 2018]), A is the total building floor space served by the commissioned systems under the Cx
project, Cs is the energy cost savings, and C,, is the Cx project cost including third-party Cx provider fees and the
cost to remediate operational issues uncovered by the Cx project. For consistency of comparison between Cx project
results from different data sources and regions, energy cost savings (C,) are based on standardized electric (U.S. EIA
2018a) and natural gas prices (U.S. EIA 2018b), inflation-adjusted to 2017 U.S. dollars. Cx project cost (Cp) is also
inflation-adjusted to 2017 U.S. dollars (U.S. Bureau of Labor Statistics 2018). Canadian dollars are converted to
U.S. dollars where necessary (U.S. IRS 2018). These key metrics were established for the 2018 data set, and for the
whole combined data set (including the data collected in 2009 and reported in Mills 2011).

For each key metric calculated for the Cx projects’ data set, the median value was determined, and box/whisker
plots were used to illustrate the sample distribution. Once median values were established for the whole data set, the
data were divided to enable deeper analysis and exploration of three possible influencing factors: building size,
market segment,? and project type. These three factors were chosen because, anecdotally, they are asserted to have
an influence on project costs and achieved savings.

2We chose to subdivide projects by “market segment” as opposed to “building type,” as some project categories did
not directly correlate to actual building types, e.g., “higher education” can include a mix of building types. It should
be noted that our choice of building types aligns with that of the U.S. Department of Energy’s Commercial
Buildings Energy Consumption Survey, and these delineations are often used in national energy modeling and
forecasting as well.
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Data from the 2009 data set and 2018 data set were in some cases compared to explore possible changes in
cost/benefit metrics, and in other cases metrics were developed for the combined data set (“all data”) to establish
overall aggregate values. Additional data analysis was centered on qualitative aspects of Cx, namely owners’
motivation to perform Cx, activities included in the Cx scope of work, and types of corrective actions (“‘measures”)
performed in response to deficiencies identified during the Cx process. In the case of two utility programs providing
measure-level data, we classified measures according to a single schema that allowed all data from both programs to
be pulled into a single data set for analysis.

2.5. BCxA provider survey

To supplement the Cx projects’ data collection, additional insights were drawn from an online survey of BCxA
members (“BCxA provider survey”), conducted in late 2017, which covered a wide range of topics concerning the
Cx market. The BCxA survey was designed to gather general information on Cx market dynamics (e.g., whether the
Cx business was expected to increase, the profitability of offering Cx services, and the balance of business between
EBCx and NCCx), as opposed to seeking data/results on individual projects. BCxA received survey responses from
120 Cx providers.

3. Results

Results of the Cx projects’ data analysis, and selected insights from the BCxA provider survey and literature review,
are presented below.

3.1. EBCx data analysis results

3.1.1. EBCx energy savings

As shown in Table 2, the median EBCx whole building energy savings for the 2018 data set was 6.0 percent
(n = 283 projects). This compares to median savings of 10.0 percent in the 2009 data set’ (n = 163 projects). The
combined median savings for all data was 6.4 percent (n = 446). The typical savings range for the combined data
set, spanning the 25th percentile to 75th percentile, was 3.4 to 12.4 percent.

Table 2. Comparison of median EBCx energy savings for data collected in 2009 and 2018

2009 data set 2018 data set All data
Median energy savings 10.0% 6.0% 6.4%
Number of projects 163 283 446

Market segment appears to have an influence on energy savings, as illustrated in Table 3, with median energy
savings values among the 16 market segments ranging from 3 percent (Lodging) to 16 percent (Public Order &
Safety).

Table 3. EBCx energy savings by market segment (All data, n = 446 projects)

Market segment Median energy savings (%) Sample size
Public Order & Safety 16 15
Laboratory 14 28
Food Sales 12 1
Food Service 11 1
Data Center 11 4

3 In the course of expanding the EBCx project data set, we augmented the 2009 cohort with additional pre-
commissioning electricity use data for 64 utility-sponsored EBCx projects. This enabled an updated calculation of
EBCx percentage savings for the 2009 data set. As these 64 projects collectively achieved substantially lower
savings (3 percent electricity) than the median value for other projects in the 2009 data set, the weighted average
median total energy savings for the 2009 cohort adjusts to 10%. One likely factor in the relatively low savings for
the updated projects is that the utility program governing the projects capped EBCx investigation budgets at a
relatively low $0.10/ft%.
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Hospital (Outpatient) 11 9
Retail 10 3
Higher Education 9 101
K-12 School 9 41
Industrial 7 4
Office 6 105
Other 6 17
Public Assembly 6 2
Hospital (Inpatient) 5 88
Warehouse 4 3
Lodging 3 24

To assess the impact of the project type on percent savings, we divided the data into three project type categories:
Utility EBCx, Utility MBCx, and “Other.”

1) Utility EBCx: Characterized by a non-comprehensive scope, Utility EBCx is focused on energy savings
for the fuel(s) provided by the utility. High rigor is applied to the savings estimates review, as utilities that
provide a technical review of calculations and programs are subject to third-party evaluation. Typically,
EBCx provider budgets are restricted compared to comprehensive EBCx, but some measures qualify for
cash incentives to install the recommended improvement measures.

2) Utility MBCx: Similar to Utility EBCx in the measures targeted, but Utility MBCx includes additional
budget/effort to install sub-metering and implement diagnostics, and possibly a longer engagement period
to uncover more measures.

3) “Other EBCx”: This category includes EBCx offered direct by Cx firms to their clients. There may be
many targeted outcomes beyond energy savings (e.g., comfort and maintenance issues). Scrutiny of savings
calculations varies. The budget and level of comprehensiveness is determined on a case-by-case basis.

Figure 2 illustrates the variation in percent savings by project type, with median values ranging from 5 percent
(Utility_EBCx) to 14 percent (Other_EBCx). Key insights derived from review of savings by project type included
the following:

*  The 2018 data set contained two large cohorts of utility projects; when analyzed individually these cohorts
showed median energy savings of 4 percent (n = 94) and 7 percent (n = 156).

*  The largest cohort of utility-sponsored EBCx from prior studies was from the 2009 data set, showing
4 percent median savings (n = 47), so the 2018 data set shows a higher overall energy savings percent than
that achieved by utility programs in the 2009 data set.

*  Utility MBCx projects show higher median savings (9 percent, n = 41) than those from utility EBCx
projects, as might be expected with higher investment in the project and a longer engagement period for
uncovering savings and implementing improvements.

*  EBCx projects outside of utility programs show the highest median savings (14 percent, n = 107) and a
very wide distribution of savings when compared to other project types.

Prior Cx cost-benefit studies did not report savings by project type, only overall median values. Given the variation
in median savings shown in Figure 2, project type appears to be a significant factor and should be considered when
setting expectations for EBCx project savings. We can see that in the most favorable circumstances—presumably a
combination of significant baseline deficiencies together with thorough, effective commissioning measures—that
savings can surpass 50 percent. Under disadvantageous circumstances, or in circumstances where comfort or
maintenance issues were the sole priority of the Cx project, no savings may occur.
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Figure 2. EBCx percent source energy savings by project type (all data)

In addition to market segment and project type, we also considered the impact of building size and date of project on
EBCx energy savings. Building size was not shown to have a strong correlation with energy savings, even when
isolating data from single market segments. Similarly, project completion year (ranging from 1984 to 2018) did not
show a strong correlation with energy savings.

3.1.2. EBCx cost and simple payback

Based on data from 985 projects, the median EBCx project cost was $2.84 per m? ($0.26 per {t?) (all data, $2017), as
shown in Table 4. The 2018 data set has a significantly lower median cost, $2.65 per m? ($0.25 per ft?), compared to
the 2009 data set ($3.93 per m? [$0.36 per ft?]). Project cost data included the cost of third-party Cx provider
services to identify deficiencies and the cost paid by building owners to implement the recommended remedial
measures.

Table 4. Comparison of median EBCx cost per square meter for data collected in 2009 and 2018

2009 data ($2017) 2018 data ($2017) All Data ($2017)
Median cost per m? $3.93 $2.65 $2.84
(Median cost per ft?) ($0.36) ($0.25) ($0.26)
Sample size (projects) 325 660 985

Figure 3 provides a breakdown of EBCx cost by project type, and several observations can be made based on these
data. For example, utility MBCx median costs of $15.57 per m? ($1.45 per ft*) far exceed and have broader
distribution than the costs for other project types. This presumably reflects additional costs for installing metering
hardware, the possible inclusion of additional retrofit measure types beyond traditional EBCx measures, or other
factors. Also, the median cost for Utility_ EBCx ($2.65 per m? [$0.25 per ft?]) and Other_EBCx ($2.57 per m?
[$0.24 per ft?]) are very similar. One unknown factor in EBCx cost comparisons is the possible impact of cash
incentives offered under utility EBCx programs (incentives were not factored into this study’s data analysis).
However, the similarity in cost between Utility_ EBCx and Other_EBCx may suggest that expected overall EBCx
project costs are similar, irrespective of whether the owner is partially reimbursed through incentives.
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Figure 3. EBCx project cost per square meter ($2017), by project type, with median values indicated (all
data). Values shown include cost of third-party Cx provider services and the cost paid by building owners to
implement the recommended remedial measures.

As we did when analyzing energy savings data, we also analyzed the impact of building size on EBCx cost. Figure 4
shows the median EBCx project costs for buildings within five size ranges, and clearly illustrates the general trend
that cost per square meter decreases as building size increases, although there is significant overlap across the
broader sample, particularly for buildings under 20,000 m? (215,000 ft*). Figure 4 also illustrates the reduction in
distribution of costs as building size increases; for buildings less than 5,000 m? (54,000 ft?), the range from the 25th
to 75th percentile is $4.58 to $12.23 per m? ($0.43 to $1.14 per ft?), whereas the corresponding range for buildings
over 40,000 m? is just $0.95 to $2.23 per m? ($0.09 to $0.21 per ft?).

$25 n=108
$20
. n=184
€
g $15
& n=241
@
<}
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5 $10
o
w
$5 n=252
202 ;1.43
§
0-5 5-10 10-20 20-40 >40
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Figure 4. EBCx project cost per square meter ($2017), by building size, with median values indicated
(all data)
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We also reviewed the impact of market segment on EBCx cost. While variation in median values was observed, the
data were not considered conclusive. First, it was difficult to interpret whether cost differences were due to building
type, project type, or building size differences; for example, the majority of K-12 schools were drawn from one
utility cohort, while the majority of office buildings were drawn from a different utility’s cohort. Second, nine of the
building type categories had small sample sizes. Building type is understood to have a strong influence on EBCx
cost (due to differing mechanical system complexity), but the study data do not give a strong basis for quantifying
the influence.

As shown in Table 5, the median simple payback time for the 2018 data set was 2.2 years (n = 356)—double the
1.1 years’ median simple payback reported in Mills 2011 (n = 300). When all data are combined, the median simple
payback is 1.7 years, with a 25th—75th percentile range of 0.8-3.5 years.

Figure 5 illustrates simple payback by project type. Median simple payback for the three project types ranged from
1.1 years (Other_EBCx) to 3.2 years (Utility MBCx), indicating that all three project types continue to offer
relatively short payback periods when compared to capital investments in energy efficiency.

Table 5. Comparison of EBCx project median simple payback for data collected in 2009 and 2018
2009 2018 All Data
Median simple payback 1.1 years 2.2 years 1.7 years
Sample size (projects) 300 356 656
14
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Figure 5. EBCx simple payback by project type (all data)

3.1.3. Other findings

Analysis of 2018 study data on 3,695 EBCx measures implemented through two utility programs* (from
503 projects) shows that five measure types account for 95 percent of all measures implemented: scheduling,
operations & control (other), advanced resets, setpoint modifications, and sequence of operations modifications (see
Figure 6). These top measures are consistent with typical EBCx project findings (Effinger 2010) and were
overwhelmingly targeted at HVAC systems (87 percent of measures were HVAC-related, 3 percent concerned
lighting, and 10 percent were denoted as “other”). It is noteworthy that mechanical fixes, maintenance, and
calibration did not feature among the top five measure types. It is possible these types of maintenance activity are
performed prior to or concurrent with EBCx; if so, it may not be reported through the programs, since the savings
are difficult to calculate and often these measures are not allowable for utility program savings claims. Sufficient

4 Similarly-detailed EBCx measure information was not available from other Cx cost/benefit studies for comparison,
nor from non-utility projects in the 2018 data set.
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as to whether the scope of EBCx had become more
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Figure 6. EBCx measure types implemented through two utility programs
(n = 3,695 measures, from 503 projects; 2018 data set)

or less

To understand owner motivations for pursuing EBCx projects, Cx providers were asked to indicate, from a list of 15
possible reasons for performing EBCx, which reasons applied to the projects they submitted to this study. For
owner-initiated projects conducted outside of utility programs (n = 32 projects), the 2018 data returned the same top
five reasons as reported in Mills 2011: (1) Obtain energy savings, (2) Ensure system performance, (3) Ensure or
improve thermal comfort, (4) Ensure adequate indoor air quality, (5) Train and increase awareness of operators or

occupants (see Table 6).

Table 6. Owners’ reasons for implementing EBCx, 2009 vs. 2018

Fraction of reporting projects with reason indicated (%)

Reason for pursuing an EBCx project 2018 2009 Difference
Obtain energy savings 100 90 +10
Ensure system performance 91 47 +44
Ensure or improve thermal comfort 78 65 +14
Ensure adequate indoor air quality 47 57 -10
Train and increase awareness of operators or occupants 38 32 +5
Qualify for rebate, financing, or other services 38 18 +20
Participation in utility program 31 28 +3
Comply with LEED or other rating system 28 3 +25
Extended equipment life 25 3 +22
Comply with organizational mandate/policy 25 0 +25
Increase occupant productivity 22 23 -1
Reduce liability 3 0 +3
Research/demonstration/pilot 3 20 -17
Comply with existing buildings ordinance 3 0 +3
Other 9 0 +9

3.1.4. Supplementary findings from the BCxA provider survey

Given the limited recent data on EBCx savings and costs for non-utility EBCx projects (the 2018 data set included
13 such projects, with a median 19 percent savings and a median one-year simple payback), the BCxA provider
survey responses were reviewed for additional insights on industry trends. Out of 82 responses, 70 percent of

11



410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429

430
431

432
433
434
435
436
437
438
439
440
441
442
443
444

445
446

447
448
449
450
451
452
453

454
455

respondents self-reported that their projects” EBCx whole building savings were at least 10 percent, and 58 percent
of respondents indicated fewer than two years’ simple payback (based on a multiple-choice survey, no actual project
data provided). Isolating non-utility EBCx projects in the combined data set gives a median savings of 14 percent
and a simple payback of 1.1 years. Taking all these data points into consideration, there is strong evidence to suggest
that EBCx implemented outside of utility programs might reasonably achieve 10 to 20 percent whole building
savings with a simple payback of one to two years.

The project data collected in 2018 provided no data on MBCx projects conducted outside of utility programs, but the
BCxA provider survey indicated that 43 percent of Cx providers included Ongoing Cx® in project scopes
“sometimes,” “very often,” or “always.” Market survey responses also indicated that 53 percent of Cx providers had
offered ongoing Cx services for three years or longer.

Beyond MBCx, another area of interest for the 2018 Cx study was EBCx for high-tech facilities. Mills 2011
identified facilities such as laboratories, data centers, cleanrooms, healthcare, and specialized research facilities as
the “commissioning mother lode” due to the high energy intensities of these facility types. The 2018 data set
included many hospitals within the utility programs’ data (94 projects, median 4 percent energy savings) but little
data beyond that for quantifying the benefits of EBCx in high-tech facilities. More effort needs to be invested in
gaining a recent picture of Cx outcomes in these energy-intensive building types.

3.2. NCCx data analysis results

3.2.1. NCCx Costs

The median NCCx cost reported for the 2018 data set was $8.78 per m? ($0.82 per ft?), significantly less than the
$16.69 per m? ($1.55 per ft2) reported in Mills 2011 (see Table 7; all data inflation-adjusted to $2017). When all data
are combined, the median cost is $11.08 per m? ($1.03 per ft?), and the range from 25th—75th percentile is $5.71-
$23.76 per m? ($0.53-$2.21 per ft?). While there are differences in data set composition there is anecdotal evidence
that NCCx costs have been reduced through market competition, and also that there have been efficiencies in the
application of NCCx through the use of software and improved skillsets due to a more experienced and qualified
workforce (sourced from discussions during a Town Hall discussion session at the 2018 BCxA Conference). A
second cost metric applied to NCCx is cost as a percentage of overall construction cost, and in this respect the 2018
data set also reflected a reduction versus 2009; 2018 data showed the NCCx cost was 0.25 percent of the overall
construction cost, compared to 0.57 percent in the 2009 data set (see Table 7). This may reflect overall construction
costs increasing more rapidly than commissioning costs.

Table 7. Comparison of NCCx cost data, comparing 2009 and 2018

2009 Data 2018 Data All Data
Median cost per m? ($2017) $16.69 $8.78 $11.08
(Median cost per t?) ($2017) ($1.55) ($0.82) ($1.03)
Median cost as a pe.rcentage 0.57% 025% 0.37%
of overall construction cost
Sample size (projects) 73 67 140

3.2.2. NCCx Energy savings and simple payback

The 2018 data set had very limited data on NCCx savings (and of the few data points collected, half were in non-
U.S. currency), so it was unfeasible to establish a savings percent or savings per square meter for the data added in
2018. In the absence of new data, the savings reported in the 2009 data set remains the best available (median
13 percent whole building energy savings, at a simple payback of 4.2 years).

3.2.3. Other findings

To complement the NCCx cost analysis it was useful to review changes in typical scope of work between the 2009
and 2018 studies, e.g., if cost has fallen, has the scope of work also been reduced? For each submitted project
survey, respondents noted the presence or absence of up to 16 different scope items (this analysis was not conducted

> MBCx is a major component of ongoing Cx (Stum et al. 2017).
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for the EBCx data set due to lack of data on implemented scope items). Twelve scope items were selected in
75 percent or more of the projects (see Figure 7), compared to the 2009 data set where only five scope items were
included in 75 percent or more of the projects. It is also noteworthy that the 2018 data indicates greater involvement
in many of the early steps in the construction process (e.g., design review, reviewing submittals, construction
observation), which has been a long-term objective for Cx providers wanting to improve NCCx project outcomes.
This suggests that the 2018 data set represents projects completed to a more comprehensive scope of work for
NCCx, and at lower cost, compared to the 2009 data. Identifying and correcting design deficiencies at the pre-
construction stage can of course be expected to be more cost-effective than addressing construction defects later in
the process.

Percent of Submitted Projects Including Scope Element
0% 25% 50% 75% 100%

Develop design intent documents

Write specifications

Develop commissioning plan

Design review ]

Develop sequences of operation

Review submittals

l

L

Construction observation

Verification checks/prefunctional testing

Functional testing; use of diagnostic tools

Significantly involved in issue resolution

Oversee training

NCCx Scope Element

Review O&M manuals

Systems manual/recommissioning manual

Trend analysis, modeling, or benchmarking

Evaluate energy cost savings

Final report

Ongoing Cx / services after occupancy

m2009 (n=30) [12018(n=62)

Figure 7. Percentage of NCCx projects including specific scope items.

As indicated in Figure 7, quantifying energy savings is rarely included in the NCCx project scope (included in only
6 percent of projects in the 2018 data set). Energy savings are likely important to building owners but may be
secondary to a host of non-energy benefits and, in any case, determining savings requires costly modeling to
estimate, given the lack of pre/post measured data for newly constructed buildings. To assess the significance of
non-energy benefits, 2018 survey respondents indicated the presence or absence of up to 16 non-energy benefits that
occurred as a result of a given project, and the following seven benefits were indicated for 75 percent or more of the
projects: (1) construction project on schedule, problems detected and corrected earlier; (2) occupied on schedule;
(3) improvements to system design, equipment sized correctly; (4) improved thermal comfort; (5) ease of
maintenance improvements; (6) improved operations; and (7) facility staff training and education. These non-energy
benefits are highly valuable to building owners and developers.

3.2.4. Supplementary findings from BCxA provider survey

In the context of reduced NCCx costs and increasing comprehensiveness of the project scope, we were interested in
exploring whether NCCx is becoming less profitable as a business offering. The BCxA provider survey asked if
NCCx is increasingly profitable, to which 82 percent of respondents indicated they were maintaining or increasing
profitability (based on responses of “Neutral,” “Agree,” or “Strongly Agree”). Respondents were also optimistic
about future business, with 78 percent expecting to be doing more NCCx in five years, and 18 percent expecting to

13
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maintain the same level of NCCx business. Thus, in the context of growing competition we are encouraged to report
increasing profitability and optimism among Cx practitioners.

3.3. Results summary
Table 8 summarizes key cost/benefit metrics when combining data from Mills 2011 and the current study.

Table 8. Key cost/benefit metrics (all data)

EBCx NCCx
Cost/Benefit 25th-75th Sample Size 25th-75th Sample Size
Metric Median Percentile (Projects) Median Percentile (Projects)
Range Range
Energy savings 6.4% 3.4%—12.4% 446 13% 9%-30% 7
Cost per m? $2.84 $1.60-$6.03 985 $11.08 $5.71-$23.76 140
(Cost per ft?) ($0.26) ($0.15-$0.56) ($1.03) ($0.53-$2.21)
Simple payback 1.7 years 0.8-3.5 years 656 4.2 years 1.5-10.8 years 36

While Table 8 indicates differences from the 2009 data set (most notably, reduction in EBCx median savings), the
overall finding is that Cx for new construction and existing buildings remains a strong proposition for achieving
significant whole building energy savings with reasonable payback.

4. Discussion

In this study we took a quantitative approach to understanding Cx costs and benefits and how they have changed
since the last major study was published, established updated benchmark metrics for an expanded data set of Cx
projects, and sought to gather evidence of how Cx practice has evolved in terms of systems commissioned and the
use of advanced analytics. In the course of this work, we have assembled the largest repository of measured data on
Cx project outcomes.

For EBCx the most significant shift from the 2009 data set was toward lower overall median energy savings,
although when looking deeper we found a more nuanced story by dividing the data set into different project types
(EBCx and MBCx, both within and outside of utility programs). Utility EBCx programs comprised the largest
portion of the 2018 data set (85 percent of buildings), versus just 37 percent of the buildings in the 2009 data set.
Another possible factor is the increasing implementation of energy efficiency improvements (prior to
commissioning), i.e., a falling baseline energy use. A much higher proportion of the 2018 cohort was LEED-
compliant, suggesting higher efficiency and commissioning conducted during construction. Conversely, the 2009
sample had an older building stock and a higher incidence of energy-intensive market segments (e.g., laboratory-
type facilities and hospitals) which also achieved high percentage savings. The maximum-achieved savings in both
samples was in excess of 50 percent.

Our database comprises a large enough repository of information to show that utility EBCx programs reliably
produce whole building energy savings in the 3 to 9 percent range, cost-effectively (typically with a one- to four-
year simple payback) and at scale. The first known EBCx utility program was launched in 1999, and the first large
scale programs were launched in 2006, so reaching cost effectiveness at scale for a complex EBCx process is a
significant success. Utility MBCx programs show potential to achieve higher savings than EBCx programs, and
though the 2018 data showed relatively high project cost, the median simple payback was still reasonable, at four
years. Additional data on MBCx programs would be helpful in determining whether the outcomes we have observed
reflect MBCx in general or just the specific program design represented in the 2018 data set, and whether
persistence of savings is greater.

The EBCx energy savings achieved outside of utility programs appear appreciably higher (14 percent) than those
within utility programs (5 percent), and those projects are particularly cost effective. Though the data set is smaller
and the quality control is less consistent compared to utility program applications, the available project data,
published literature, and the BCxA provider survey all suggest energy savings in the 10 to 20 percent range, with
typical simple payback of less than two years. Our study data do not explain why EBCx energy savings were higher
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outside of utility programs but, anecdotally, utility program payments to EBCx service providers are typically lower
and a larger portion of that payment needs to be allocated to meet strict regulatory requirements for savings
calculations and documentation, meaning EBCx providers would have less budget for identifying energy-saving
improvements. Other possible factors are lowest-bidder rules, restricted allowable measures and commoditization,
and that programs sponsored by “single-fuel” utilities will not target all end uses.

A similarly positive picture is seen in the NCCx portion of the 2018 data set. Median NCCx cost was significantly
reduced for the 2018 data set compared to the 2009 data set ($8.78 per m? compared to $16.69 per m?, adjusted for
inflation), and yet the BCxA provider survey suggested that NCCx is growing more profitable and that Cx providers
expect the market to grow. Further, the 2018 data set suggested a more comprehensive NCCx scope of work being
implemented compared to the 2009 data. These data, taken together, might suggest productivity improvements in the
delivery of NCCx, although we cannot state that categorically. Anecdotally, two sources of productivity
improvements are the emergence of Cx process management software tools and a workforce that is gaining in
experience over time. In the absence of new data on potential savings of NCCx, the median 13 percent reported in
2009 remains the most comprehensive data set available, reflecting a median simple payback of 4.2 years.

While the 2018 data were a significant addition to the previous set of Cx cost/benefit data (particularly for utility
EBCx programs), some Cx-related activities remain under-represented in the data set. There is a lack of available
data (and market activity) on practices such as enclosure Cx and lighting controls Cx, as well as for emerging
technologies and practices such as renewable energy systems, energy storage, and demand-response technologies
and software, or integrated systems such as those marshaled to achieve net zero energy buildings. These gaps reflect
the continuing rarity of commissioning beyond HVAC systems. There are also limited recent data on EBCx outside
of utility programs, and for both EBCx and NCCx, the 2018 data set contained data solely sourced through BCxA-
affiliated providers—who may not be fully representative of the market at large. However, the 2009 sample includes
large numbers of non-utility-sponsored EBCx projects. For NCCx projects the 2018 data did not contain any
estimates of savings; given that quantification of energy savings is rarely included in NCCx project scope, this gap
in recent data may not be resolved unless a primary research effort is initiated to address that specific question.

Owner motivations for commissioning have evolved significantly. We observed some key changes in reasons for
owners implementing commissioning in existing buildings. The most dramatic increases were associated with
ensuring system performance, with other notable examples being improving occupant comfort, qualifying for
financial incentives, and complying with “green” rating systems. Complying with organizational mandates and
policies was not invoked at all in the 2009 Cx cost-benefit data set, but by 2018 was a reason given by a quarter of
the project participants. Reducing liability was mentioned rarely within the 2018 cohort, and not at all in the 2009
cohort. Further, participation in research/demonstration/pilot projects was cited far less often as a driver in the 2018
data set. Surprisingly, ensuring or improving indoor air quality was cited less often, although it was still a factor in
almost half the cases.

5. Conclusions and future work

The 2018 expansion of the largest known database of Cx project results reaffirms the savings potential and cost-
effectiveness of Cx, and illustrates the ongoing maturation of Cx delivery models. In this study we uncovered and
quantified the differing cost/benefit potentials for different types of Cx project delivery for existing buildings. Cost-
effective savings are achieved across all types of delivery mechanisms, market segments, and building sizes. We
also identified a trend toward delivering more comprehensive NCCx services at a lower cost, which has significant
potential impact for the Cx industry and for raising the energy performance of the commercial building stock.

In the 1990s and 2000s the Cx industry was focused on defining the process of Cx and the Cx provider profession.
As large-scale EBCx programs grew, standards and guidelines emerged, and more firms saw the business potential,
some concerns emerged over whether competition and price pressures would erode the quality and profitability of
Cx. Our comparison of the 2009 and 2018 data sets suggests that the market has been able to grow and mature,
delivering reliable verified savings and supporting a profitable industry. Despite this maturity there remains great
potential, with the emergence of enclosure Cx, lighting controls Cx, and MBCx supported by sophisticated analytics
software. Further research on costs and benefits of these emerging Cx practices would help Cx providers
communicate their value to building owners. Also, efforts to quantify energy savings and non-energy benefits of
NCCx on recent projects would provide valuable insights into the long-term trends for NCCx impacts. As building
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systems become more integrated, with deployment of optimized dynamic control algorithms, and with the call for
buildings to be more grid-interactive to balance generation needs, large-scale deployment of Cx will become even
more critical in ensuring that buildings can satisfy occupant needs and attain aggressive sustainability goals.

Acknowledgements

This work was supported by the Assistant Secretary for Energy Efficiency and Renewable Energy, Building
Technologies Office, of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. The Building
Commissioning Association provided input to data collection instrument design, coordinated data collection from
BCxA members, and provided input on data analysis. A significant portion of project data were provided by ComEd
(with support from Nexant), BC Hydro, and Arc Alternatives.

References

Adighije, Kelly, Ajit Naik, Marc Harks. 2019. “Commissioning for Robustness in a High-Tech Hospital in the
Caribbean.” Proceedings of the 2019 BCxA Annual Conference.

ASHRAE. 2013. “Standard 202-2013 - Commissioning Process for Buildings and Systems.” ANSI/ASHRAE/IES.

Building Commissioning Association (BCxA). 2019. “History of Commissioning.” Accessed May 1, 2019.
https://www.bcxa.org/conference/history/.

Building Commissioning Association (BCxA). 2018. “New Construction Building Commissioning
Best Practices, Including BCxA Essential Attributes.” Building Commissioning Association.
https://www.bcxa.org/wp-content/uploads/2018/11/BCA-New-Const-Best-Practices-2018-05-14-V2.0.pdf.

Consortium for Energy Efficiency (CEE). 2016. “CEE 2016 Commercial Whole Building Performance Program
Summary.” Consortium for Energy Efficiency website. https://library.ceel.org/content/commercial-whole-building-
performance-committee-program-summary;/.

Dunn, Wayne A. 2012. “Catching Rays — Solar PV Commissioning.” Proceedings of the 20th National Conference
on Building Commissioning. https://www.bcxa.org/ncbe/2012/_/documents/presentations/14-ncbc-2012-cx-the-sun-
dunn.pdf.

Effinger, Joan. 2010. “Results from the Field: An Analysis of Existing Building Commissioning Measures.”
Proceedings of the 18th National Conference on Building Commissioning.
https://www.bcxa.org/ncbe/2010/documents/presentations/ncbe-2010-results_fom_the_field-effinger.pdf.

Friedman, Hannah, Marti Frank, Kristin Heinemeier, Kim Crossman, Eliot Crowe, David Claridge, Cory Toole,
Daniel Choiniere, and Natascha Milesi Ferretti. 2011. “Annex 47 Report 3: Commissioning Cost-Benefit and
Persistence of Savings.” National Institute of Standards and Technology.

Katipamula, Srinivas. 2016. “Improving Commercial Building Operations thru Building Re-tuning: Meta-Analysis.”
Pacific Northwest National Laboratory. https://buildingretuning.pnnl.gov/documents/pnnl_sa_110686.pdf.

Kramer, Hannah, Guanjing Lin, Jessica Granderson, Claire Curtin, Eliot Crowe. 2019. “Building analytics and
monitoring-based commissioning: industry practice, costs, and savings.” Energy Efficiency, May 2019.
https://link.springer.com/article/10.1007%2Fs12053-019-09790-2.

Lin, Guanjing, Hannah Kramer, Jessica Granderson. 2019. “Building fault detection and diagnostics: Achieved
savings, and methods to evaluate algorithm performance.” Building and Environment, January 2020. DOI:

https://doi.org/10.1016/j.buildenv.2019.106505.

Milesi-Ferretti, Natascha, Masato Miyata, Oliver Baumann. 2017. “A retrospective on the impact of Annex 40 and
Annex 47 research on the international state of building commissioning.” Energy and Buildings 158, 54-61.

16



645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699

Mills, Evan, Hannah Friedman, Tehesia Powell, Norman Bourassa, David Claridge, Tudi Haasl, and Mary Ann
Piette. 2004. The Cost-Effectiveness of Commercial Buildings Commissioning: A Meta-Analysis of Existing
Buildings and New Construction in the United States. Lawrence Berkeley National Laboratory.

Mills, Evan. 2011. “Building commissioning: A golden opportunity for reducing energy costs and greenhouse gas
emissions in the United States.” Energy Efficiency 4, 145-173 (2011). https://doi.org/10.1007/s12053-011-9116-8.

Mills, Evan, Paul Mathew. 2014. "Monitoring-Based Commissioning: Benchmarking Analysis of 24 University
Buildings in California." Energy Engineering 111(4): 7-24.

National Institute of Building Sciences (NIBS). 2012. “NIBS Guideline 3-2012 Building Enclosure Commissioning
Process BECX.” National Institute of Building Sciences.

Salmon, Pete. 2012. “Commissioning the Sun: Popular Renewable Systems.” Proceedings of the 20th National
Conference on Building Commissioning. http://www.bcxa.org/ncbc/2012/_/documents/presentations/14-ncbe-2012-
cx-the-sun-Salmon.pdf.

Smart Energy Design Assistance Center (SEDAC). 2015. “Case Study: Rolling Meadows 3rd District Courthouse
RCx.” Smart Energy Design Assistance Center. https://smartenergy.illinois.edu/case-study/courthouse-retro-
commissioning.

Strand, Troy. 2011. “Validating Performance of Renewable & Alternative Energy Sources.” Proceedings of the 19th
National Conference on Building Commissioning.
https://www.bcxa.org/ncbe/201 1/documents/presentations/13_ncbc-2011-validating_energy_sources-strand.pdf.

Stum, Karl, and Diana Bjgrnskov. 2017. The Building Commissioning Handbook, 3rd Edition. Eau Claire:
Documation.

United States Bureau of Labor Statistics. 2018. “Employer Costs for Employee Compensation, Historical Listing.”
U.S. Bureau of Labor Statistics. Accessed August, 2018. https://www.bls.gov/web/ecec/ececqrtn.pdf.

United States Energy Information Administration. 2018a. “Electric Power Monthly Report.” U.S. EIA. Accessed
August, 2018. https://www.eia.gov/electricity/monthly/.

United States Energy Information Administration. 2018b. “Natural Gas Monthly Report.” U.S. EIA. Accessed
August, 2018. https://www.eia.gov/naturalgas/monthly/.

United States Environmental Protection Agency. 2018. “Energy Star Portfolio Manager Technical Reference
(Source Energy).” U.S. EPA. Accessed February, 2018.
https://portfoliomanager.energystar.gov/pdf/reference/Source%20Energy.pdf

United States Green Building Council (USGBC). 2019. “Leadership in Energy and Environmental Design
Certification Program.” Accessed June 21, 2019. https://new.usgbc.org/leed.

United States Internal Revenue Service (IRS). 2018. “Yearly Average Currency Exchange Rates.” Accessed August,
2018. https://www.irs.gov/individuals/international-taxpayers/yearly-average-currency-exchange-rates.

Wang, Liping, Steve Greenberg, John Fiegel, Alma Rubalcava, Shankar Earni, Xiufeng Pang, Rongxin Yin, Spencer
Woodworth, and Jorge Hernandez-Maldonado. 2013. “Monitoring-based HVAC Commissioning of an Existing
Office Building for Energy Efficiency.” Applied Energy 102, 1382-1390.

Welsh, Bryan W. 2017. “Are Lighting Controls out of Control?” Proceedings of the 25th National Conference on
Building Commissioning.
https://www.bcxa.org/NCBC/2017/Day?2/31IsLightingControlOutofControl/Bryan%20Welsh%202017%20NCBC.pd
f.

17





