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Executive Summary

This study builds upon previous Massachusetts NEI reports that dealt with commercial and
industrial (C&I) heath- and safety-related (H&S) NEIs. These included the 2018 Massachusetts
NEI Framework Study, 1 the 2020 C&I NEI Scoping Study Final Report (2020 Scoping Study), 2
and the 2021 O&M and Non-O&M NEI Study (MA20X10-B-CIOMNEI). 3 Summaries of the H&S
NEI information that each of these studies contributed appear in Subsection 1.1.1.
The primary objectives of this study were to use secondary information to confirm, disconfirm, or
propose changes to deemed H&S NEI values that the EEAC and the PAs had agreed to use in
the BCR tools in 2021 based on limited secondary research. The expectation was for these
deemed values to serve as placeholders until this study could establish new H&S NEI estimates
based on more extensive research. The deemed H&S NEI values were based on multipliers to
the sums of the separate O&M and non-O&M NEI values that had come out of the 2021 O&M
and Non-O&M NEI Study. These multipliers were most commonly 50% but were as high as
100% for measures such as EMS and RCx. Measure categories that received deemed H&S NEI
values included HVAC, EMS, RCx, lighting controls, building envelope, and cooking equipment.
Secondary objectives of this study included:
•

Developing an approach for estimating the H&S NEIs of measures that received deemed
H&S NEI values in the BCR tool but which the team was not able to deeply research due
to budgetary or timing constraints. 4

•

Exploring the feasibility of measuring IAQ levels in Massachusetts building use modeling
approaches or primary data collection

•

Testing the Rapid Evidence Assessment (REA) approach for literature review

KEY FINDINGS AND RESULTS
The following tables present the estimated H&S NEIs produced by the evaluation team. Table 1
shows the evaluated and recommended H&S NEIs for the measures or measure categories that
the team deeply studied and compares these with the deemed H&S NEIs. Table 2 shows the
ratio between the evaluated H&S NEIs and the deemed H&S NEIs. Table 3 compares the
overall savings-weighted evaluated H&S NEIs with the overall savings-weighted deemed H&S

DNV GL and NMR Group. 2018. Program Administrators of Massachusetts Non-Energy Impact Framework Study.
January 23. https://ma-eeac.org/wp-content/uploads/NEI-Framework-Study-Report.pdf
2 NMR Group, DNV GL, and Tetra Tech. 2020. C&I NEI Scoping Study Final Report. April 3. https://ma-eeac.org/wpcontent/uploads/MA19X05-B-CINEI_CI-NEI-Update-Scoping-Study-Final-Report_2020.04.03.pdf
3 DNV, Three3, and NMR Group. 2021. O&M and NON-O&M NEI study (MA20X10-B-CIOMNEI). October 7.
https://ma-eeac.org/wp-content/uploads/MA20X10-B-CIOMNEI_OM-NON-OM-NEIs-Report.pdf
4 The evaluation team originally understood that one of the secondary objectives of the study was to develop an
approach for estimating the H&S NEIs for all the measures in the BCR tools that it could deeply research due to
budgetary or timing constraints. However, in an October 7, 2022, meeting of the PAs, EEAC representatives, and
evaluation team about the appropriateness of applying H&S NEI proxies to measures that had never received
deemed values, it was decided that proxies should only be applied to those unstudied measures that had previously
received deemed values (i.e., Cooking Equipment/Food Services).
1
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NEIs. In cases where the deemed values had a range, we used the midpoints for the
comparisons. For measures that have both electric and gas non-zero H&S NEIs, such as EMS
and RCx, we present a range between the lowest and highest values. 5
The tables show that the evaluated H&S NEIs were higher than the deemed estimates for EMS
and lighting controls and lower than the deemed estimates for boilers, chillers, and building
envelope. For the RCx measure, the evaluated H&S NEIs were higher than the deemed
estimates for therms and lower for kWh.

Table 1: Estimated H&S NEIs for Studied Measures
Measure/
Measure category
HVAC (boilers)

Deemed Values
$/therm
$0.27

HVAC (chillers)

Evaluated Values

$/kWh

$/MMBTU

$0.039

$11.43

$2.70

$/therm
$0.029

$/kWh

$/MMBTU

$0.00

$0.00

$0.29

EMS

$0.719

$0.098,
$0.111

$7.19$32.53

$0.90

$0.128

Retrocommissioning

$0.719

$0.142

$7.19$41.62

$0.90

$0.128

Building envelope

$0.161

$0.01$0.056

$1.61$16.41

$0.00

$0.00

$0.00

$0.035,
$0.042

$10.26$12.31

$0.046

$13.48

Lighting controls

$9.00-$37.51
$9.00-$37.51

Table 2: Ratio of Evaluated Values to Deemed Values
Measure/ Measure
category
HVAC (boilers)

$/therm

Ratio of Evaluated Values
to Deemed Values
$/kWh
$/MMBTU

11%

HVAC (chillers)

11%
0%

0%

EMS

125%

122%

122%-125%

Retrocommissioning

125%

90%

90%-125%

0%

0%

0%

119%

119%

Building envelope
Lighting controls

The report added these MMBTU values upon the request of one PA who wanted values that could be applied to
fossil fuels such as heating oil and propane. However, in subsequent discussions between the EEAC/PA
representatives and the evaluation team, it was revealed that the BCR tools do not currently accommodate these
H&S NEI changes for heating oil and propane.

5
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Table 3: Estimated H&S NEIs for Studied Measures with Savings Weighting

$0.27

HVAC (chillers)

$2.70

93,973

$0.039

$11.43

75,510

EMS

$0.719 6

$0.098,
$0.111

$7.19$32.53

32,830

Retrocommissioning

$0.719

$0.142

$7.19$41.62

26,315

Building envelope

$0.161

$0.01$0.056

$1.61$16.41

79,314

$0.035,
$0.042

$10.26$12.31

36,300

$0.056

$3.47$16.42

Lighting controls
Weighted avg.

$0.35

Ratio of Eval. NEIs
(weighted)/ Ratio of
Deemed
NEIs
(weighted)

$0.029

2020
Energy
Savings
(MMBTU)

$/
MMBTU

$/
kWh

$/ therm

2020
Energy
Savings
(MMBTU)

Estimated Values

$/kWh
$/
MMBTU

Measure/ Measure
category
HVAC (boilers)

$/ therm

Deemed Values

$0.29

93,973

$0.00

$0.00

75,510

$0.90

$0.128

$9.00$37.51

32,830

$0.90

$0.128

$9.00$37.51

26,315

$0.00

$0.00

$0.00

79,314

$0.046

$13.48

36,300

$0.24

$0.037

$2.40$10.84

69%

65%

Table 4 compares the deemed H&S NEIs with the evaluated H&S NEIs using savings weights
based on the proportion of total non-Custom portfolio kWh savings that each measure category
represents. The evaluated H&S NEIs are closer to deemed H&S NEIs in this case due to
different units of weighting (MMBTU makes the relative share of Building Envelope larger in
Table 3 vs. Table 4 because it accounts for gas savings) and the absence of a discrete RCx
category in Table 4. 7

Table 4: Deemed vs. Evaluated NEI Values
(Savings Weighted Across Non-Custom Electric Measure Mix)
Measure/ Measure
category
Behavior

% of NonCustom kWh
3%

Deemed H&S
NEI ($/kWh)
Undetermined 8

Evaluated H&S
NEI ($/kWh)
Undetermined

EMS does not have its own ID in the gas BCR model, so it receives the same gas H&S NEI as RCx
Identifying RCx projects in the C&I tracking data is very difficult because the key identifiers are often only found in
the more granular measure descriptions.
8 We did not include any of the weights for undetermined values in the weighted average.
6
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Compressed air

11%

Undetermined

Undetermined

EMS

4%

$0.098, $0,111

$0.128

Envelope

1%

$0.01-$0.056

$0.00

Food service

5%

$0.002 9

$0.001

Hot water

1%

Undetermined

Undetermined

HVAC

9%

$0.039

$0.00

Lighting

21%

Undetermined

Undetermined

Lighting controls

10%

$0.039

$0.046

Motors/drives

8%

Undetermined

Undetermined

Process

10%

Undetermined

Undetermined

Weighted avg.

100%

$0.027

$0.033

In an October 7, 2022, meeting of the EEAC/PA representatives and the evaluation team, it was
agreed that proxy H&S NEI values for the one measure category receiving deemed values that
was not studied – Cooking Equipment/Food Services – should be based on the sales-weighted
ratio between the evaluated H&S NEIs and the deemed H&S NEIs. Table 5 shows these proxy
values.

Table 5: Estimating H&S NEIs for the
Food Services/Cooking Equipment Measure Category

Deemed Values
Measure/
Measure category
Food Services

$/therm
$1.70

$/kWh
$0.002

Proxy Values

$/therm
$1.18

$/kWh
$0.001

Table 6 shows the H&S NEI values for custom gas, and Table 7 for custom electric, at the
aggregated measure category level. Information on how these values were calculated appears
in the Detailed Findings section of this report.

9

These are proxy values as calculated in Table 5.
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Table 6: H&S NEI Values for Custom Gas Measure Categories

Custom Measure
Category

Category Code

Assigned H&S NEI Value
($/therm)

Building Envelope

G-C-Building Envelope

$0

HVAC

G-C-HVAC

$0.022

Water Heater

G-C-Water Heater

Undetermined

Other

G-C-Other

Undetermined

Table 7: H&S NEI Values for Custom Electric Measure Categories

Custom Measure
Category

Category Code

Assigned H&S NEI Value
($/kWh)

CHP/Cogen

E-C-CHP/Cogen

Undetermined

HVAC

E-C-HVAC

$0.112

Lighting

E-C-Lighting

Undetermined

Motors and Drives

E-C-Motors and Drives

Undetermined

Refrigeration

E-C-Refrigeration

Undetermined

Other

E-C-Other

Undetermined

Other key findings included:
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•

IAQ modeling or measurement efforts would face high costs and uncertain benefits due to
significant implementation barriers: These barriers, which are discussed in more detail in
subsection 1.3, include the difficulty of obtaining baseline C&I IAQ information, the inherent
variability of C&I buildings, limited understanding of C&I air pollution sources and emission
patterns, and the limited availability of specialized skills required for IAQ modeling.

•

The Rapid Evidence Assessment (REA) approach has both advantages and disadvantages:
One advantage of the REA approach is to allow an evaluation team to effectively review a
variety of sources logically and methodically, rather than with a more ad hoc approach. The
REA scoring process also enables a team to scrutinize the validity of studies as factually as
possible while minimizing bias.
The biggest disadvantage of the REA approach is that it is very time and labor intensive. It
took this evaluation team a considerable amount of time to complete the searches, review
each title, check for duplicate results, and score the relevant reference documents. A
secondary disadvantage is the restrictive nature of the search requirements which
discourage an evaluation team from following a promising research trail if it deviates from
previously defined search parameters. Section 3 provides a more detailed discussion of the
advantages and disadvantages of the REA approach.

SUMMARY OF METHODS
Identification and Screening of Reference Material
The reference documents for this study primarily came from literature reviews conducted using
the REA approach. A more detailed description of the REA approach appears in Section 3. The
evaluation team also did direct literature reviews not using the REA approach to help with the
monetization of the NEIs. In addition, some EEAC/PA representatives provided reference
documents that supplemented those from the formal literature reviews. Besides the literature
reviews, the evaluation team also consulted frequently with senior engineers to better
understand how the function of energy-efficient equipment might have H&S impacts, especially
when compared to baseline equipment.
The evaluation team prioritized which energy-efficient measures and impact pathways it studied
based on a five-point scoring system. This prioritization took into account factors such as
whether the measures had been assigned deemed H&S NEI values in 2021, whether
equipment vendors in the 2021 O&M/non-O&M NEI study had expected the measures to have
H&S impacts, whether an initial review of the literature indicated a plausible causal mechanism
between measure and impact, and whether the EEAC/PA representatives considered a given
measure to be a higher priority based on their program objectives or their prior H&S NEI
research

Developing NEI Estimates for Studied Measure Groups
The evaluation team developed health and safety NEI estimates from the relevant literature in
one of two ways for a measure group:
Mitigation factor:
10

With this method, the evaluation team
•

Determined a base incidence of a health/safety impact from national published sources
such as OSHA data.

•

Determined scaling factors based on state level consumption and employment and
participant consumption. These factors account for the affected population in the
facilities where the measures were implemented

•

Determined the mitigation factor, that is, the percent reduction in base incidence
associated with the presence of the measures. This factor was determined based on the
literature that provided quantitative impacts.

•

Multiplied together the base incidence, the scaling factors, and the mitigation factor, and
dividing by the total measure savings to produce the NEI value, in $/MMBTU, also
converted to $/kWh and $/therm.

Health/energy ratio:
For some measures, the available literature did not provide a basis for developing a quantitative
mitigation factor but did provide dollar values of both energy and health/safety impacts for
relevant measure installations. In this case, the health/energy ratio was calculated as the ratio of
health and safety cost benefits to energy cost savings. This ratio ($H&S/ $energy $) was then
multiplied by to the current value of avoided energy ($/kWh, $/therm) to derive a health and
safety NEI in $/kWh or $/therm. 10

EXPERIENCE WITH THE REA APPROACH
The evaluation team found both advantages and disadvantages to the REA approach to
assessing evidence to use in evaluation. Advantages included encouraging the effective review
of a variety of reference documents logically and methodically and the assessment of the
validity of studies as factually as possible while minimizing bias. However, the REA process was
also very labor intensive and did not always produce the reference materials needed for our
analysis. The restrictive nature of the REA’s search requirements also discourages an
evaluation team from following a promising research trail if it deviates from previously defined
search parameters.
For this study we faced a broad set of technical issues that needed to be investigated in a
relatively short period. We often found that the most useful information came not from the REAbased literature review but instead from conversations with internal and external experts or from
literature reviews that were directed at narrower research questions such as how to quantify or
monetize H&S impacts. Future efforts may benefit from a review of fewer results from the initial
search effort and instead lean more heavily on “following the trail” of useful literature which
becomes clearer after the initial searches are reviewed.

10 To calculate these health/energy ratios we used Massachusetts C&I retail costs, rather than avoided costs,
because the studies we looked at were based on value to the facility, for which retail cost is relevant.
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The evaluation team also learned throughout the course of the evaluation that there were a
handful of websites (e.g., Google Scholar, PubMed, Science Direct, LBNL) which yielded the
most relevant and useful results. In the future, it may be beneficial to keep in mind that most of
the useful results came from targeted searches at specific sites.
Future research efforts would also benefit from an approach where the evaluation team could
contact the authors of the most relevant studies to get their perspectives on the researchable
questions as well as recommendations on further reference materials or contacts. Another
useful addition to the approach would be to vet the preliminary findings from the literature review
with internal and external experts.

KEY LIMITATIONS AND SOURCES OF UNCERTAINTY
Some key limitations and sources of uncertainty included:
•

The estimated health impacts, especially for measures such as EMS and RCx which can
improve ventilation practices, are likely underestimated because they do not monetize the
benefits of avoided COVID-19 transmission. The team found many documents and
presentations that explored the implications of the pandemic for energy consumption and
ventilation. 11 However, the recency of the pandemic means that the large, robust health
impact studies that are available for asthma, COPD, and other respiratory illnesses are not
yet available for COVID-19. In addition, there are significant gaps in knowledge concerning
COVID-19 transmission, including its production rate (how much virus an infected person
rate produces) and the infectious dose (how much virus it takes to infect a person). 12 These
knowledge gaps make it extremely difficult to accurately model relationships between
ventilation levels and COVID-19 mortality rates.
An additional complication is the fact that commercial building occupancy levels dropped
significantly during the pandemic, so any estimates of health impacts would need to take
these lower occupancy rates into consideration. One recommendation of the evaluation
team is that the H&S NEIs for measures such as EMS and RCx be reexamined when more
COVID-19 health research becomes available.

•

In general, the evaluation team found few reference documents that firmly and clearly
established the causal links between the energy efficient measures and the presumed H&S
impacts.

•

In general, the team found even fewer reference documents that quantified the magnitude or
frequency of H&S impacts that could clearly be tied back to the energy efficiency measures.

•

For measures such as EMS, RCx, and building envelope, the estimates of IAQ benefits
depended heavily on the assumptions made about the operating condition of the building

A useful resource is the Department of Energy’s Better Buildings website (Resource Center: Building Operations
During COVID-19 | Better Buildings Initiative (energy.gov).
12 The DOE Better Buildings webinar: “Office Buildings and Ventilation: How COVID-19 and Other Pathogens Spread
Between Zones” (Office Buildings and Ventilation: How COVID-19 and other pathogens spread between zones |
Better Buildings Initiative (energy.gov) provide useful information on this topic.
11
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ventilation systems. For example, for the EMS and RCx measures the potential H&S NEI
impacts are greater if the ventilation systems were poorly maintained before adding the
measures. Conversely for building envelope measures, the potential H&S NEI impacts are
lower if the ventilation systems were poorly maintained before the building envelope
measure were installed.
•

For lighting controls, the size of the H&S NEI estimates depended a lot on what proportion
of the controls produced improvements in lighting quality versus just turning off or reducing
lighting levels based on occupancy patterns.

•

The evaluation team used a systematic and transparent process for estimating the H&S
NEIs in this report. This began with the REA-based searches which cast a “wide net” for
relevant reference documents and the REA-based scoring process which allowed the team
to assess and validate the shorter list of relevant documents using various reliability and
robustness criteria. The team also produced a series of measure-specific interim finding
memos which explained the assumed mechanisms for the energy efficient measures to
produce the H&S impacts as well as how these impacts were quantified and which
reference documents it used to support these mechanisms and quantitative impacts. We
additionally produced a series of supporting workbooks which documented the REA search
and scoring as well as the monetization method. Finally, we compared the evaluated H&S
NEIs with the deemed H&S NEI values currently in the BCR tools.
However, despite this rigorous research and review process, the evaluation team found few
reference documents that firmly and clearly established the causal links between the energy
efficient measures and the presumed H&S impacts. In addition, the team found even fewer
reference documents that quantified the magnitude or frequency of H&S impacts that could
be tied back unambiguously to the energy efficiency measures. In many cases, the team
had to chain together imperfect and incomplete information sources to try to tell a plausible
story of how the energy efficient measures produced the presumed H&S impacts.

•

In some cases, the team had to make arbitrary estimates of the frequency or magnitude of
an impact for the sake of producing “a number” when the literature did not provide
quantitative estimates of frequency or magnitude. We applied this method for impacts we
determined were greater than zero but small. In one of these cases, we were subsequently
able to use information from program tracking data and consultations with senior DNV
engineers to modify the initially arbitrary estimate. In future research, it would be useful to
also use interviews with outside experts to help develop estimates when the secondary
research fails to provide quantitative estimates of impacts.

RECOMMENDATIONS AND CONSIDERATIONS
Recommendation 1
The PAs should adopt the recommended H&S NEI values that appear in Table 1, 4, 5 and
6 to update the previously deemed values. The PAs should apply the H&S NEIs coming
out of this study in the same manner the deemed values were applied. As discussed, the
evaluation team used a systematic and transparent process for estimating the H&S NEIs in this
13

report. This included a comprehensive search for relevant reference materials, a thorough
assessment of the relevancy and robustness of these information sources, a careful summary
and discussion of how the evidence did or did not support H&S impacts for the studied
measures, and a clear documentation of the assumptions and calculations used to quantify and
monetize these NEIs.
Considerations
The PAs should reexamine the recommended H&S NEI values for the EMS and RCx
measures once more literature is available on the health impacts of improved ventilation
practices reducing the incidence of COVID-19 transmission. As noted above, the recency of
the pandemic means that the large, robust health impact studies that are available for asthma,
COPD, and other respiratory illnesses are not yet available for COVID-19. In addition, there are
currently significant gaps in knowledge concerning COVID-19 transmission including its
production rate (how much virus an infected person rate produces) and the infectious dose (how
much virus it takes to infect a person). These knowledge gaps make it extremely difficult to
accurately model relationships between ventilation levels and COVID-19 mortality rates. We
assume that these research and knowledge gaps will be filled in the near future so that a
subsequent study can update the H&S NEIs for the EMS and RCx measures to account for
these recent benefits.
IAQ modeling or measurement efforts would not be a prudent use of program evaluation
resources. We believe that IAQ modeling or measurement efforts would face high costs and
uncertain benefits due to significant implementation barriers: These barriers, which are
discussed in more detail in the main body of the report, include the difficulty of obtaining
baseline C&I IAQ information, the inherent variability of C&I buildings, limited understanding of
C&I air pollution sources and emission patterns, and the limited availability of specialized skills
required for IAQ modeling.
Future secondary research efforts could benefit from more flexible and iterative
approaches. One aspect of this flexible approach would involve reviewing fewer results from
the initial search effort and instead leaning more heavily on “following the trail” of useful
literature, which becomes clearer after the initial searches are reviewed. Another aspect would
be to supplement the literature review with interviews with outside experts especially in cases
where the literature is lacking quantitative evidence. Closer linking between the causal
pathways and the referenced literature could also help identify information gaps and possible
avenues for future research.
Distinguish between evaluated and non-evaluated zeroes in the BCR tool. In the analysis
of the Massachusetts custom electric and gas programs, the team marked most of the
measures as having H&S NEI’s that are “undetermined” because we did not believe any of H&S
NEIs that we calculated in the current study were good matches for these measures. Even
though the BCR tool will treat these NEIs as zeroes, the team recommends that notes be added
to the tool to distinguish these “undetermined” zeroes from the evaluated zeroes such as the
one the team applied to the building shell measure.

14
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Section 1

Detailed Findings

This section contains the detailed findings of the report.

1.1 INTRODUCTION
1.1.1 Background
This study was designed to build upon previous Massachusetts NEI reports that dealt with H&S
NEIs, which include the following: 13
•

2018 Massachusetts NEI Framework Study: 14 This study assessed the merits of NEIs
across the portfolio of C&I and residential programs and provided a roadmap for the PAs
to use when they consider NEI research. The study found gaps in NEI values for
program offerings and opportunities to establish new NEI values, such as H&S impacts
and secondary impacts.

•

2020 C&I NEI Scoping Study Final Report (2020 Scoping Study): 15 This study
provided an assessment of the NEI needs for the C&I energy-efficiency programs by
identifying gaps and developing research prioritization recommendations. The key
considerations included updating existing NEIs for all measures, adding missing
operations and maintenance (O&M) NEIs, and calculating values for missing non-O&M
NEIs. Another of the study’s findings from interviews with PA implementation staff and
EEAC consultants was that “interview respondents want additional types of NEIs,
including NEIs resulting from changes to facility costs or revenues; health- and safetyrelated NEIs; education-sector NEIs; and durability, comfort, productivity, and resiliency
NEIs.” This study also conducted a literature review which covered H&S NEIs as noted
in Task 2 of this workplan.

•

2021 O&M AND NON-O&M NEI STUDY (MA20X10-B-CIOMNEI): 16 The primary
objective of this study was to develop O&M NEI values broadly across all C&I measures
and programs, and non-O&M NEI values with a focus on energy-efficiency measures
common to small businesses programs (although these results were later applied to all
categories of C&I customers).
The non-O&M impacts examined in the O&M and non-O&M study did not attempt to
monetize H&S NEI impacts. The COVID-19 pandemic was a significant factor in the
decision to delay measuring H&S NEIs. In addition to concerns about contacting end
users about sensitive health and safety issues during the pandemic, it was also possible

13The

2020 C&I NEI Scoping Study Final Report (2020 Scoping Study) did identify one safety-related NEI, but it
chose to monetize this benefit only for the costs savings from lower insurance payments.
14 DNV GL and NMR Group. 2018. Program Administrators of Massachusetts Non-Energy Impact Framework Study.
January 23. https://ma-eeac.org/wp-content/uploads/NEI-Framework-Study-Report.pdf
15 NMR Group, DNV GL, and Tetra Tech. 2020. C&I NEI Scoping Study Final Report. April 3. https://ma-eeac.org/wpcontent/uploads/MA19X05-B-CINEI_CI-NEI-Update-Scoping-Study-Final-Report_2020.04.03.pdf
16 DNV, Three3, and NMR Group. 2021. O&M and NON-O&M NEI study (MA20X10-B-CIOMNEI). October 7.
https://ma-eeac.org/wp-content/uploads/MA20X10-B-CIOMNEI_OM-NON-OM-NEIs-Report.pdf
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that the pandemic impacts, such as reduced building occupancy and increased
ventilation, might produce results that were not representative of a typical year.
While the O&M and non-O&M study did not attempt to monetize the H&S NEIs, some of
its findings are related to the H&S NEIs. The interviewers asked the equipment vendors
to rank the impacts of the new energy-efficient equipment on human health using a scale
of -3 to +3, where -3 indicates a significant adverse H&S impact compared to the
standard equipment, 0 indicates there are no H&S impacts, and +3 indicates significant
positive impacts from the high-efficiency equipment. The respondents gave the
EMS/RCx HVAC and Building Envelope measure categories the highest average scores
across NEIs. The EMS/RCx, Building Envelope and Lighting Controls measure
categories had the highest number of positive NEIs. 17
H&S-related questions in the small business end-user interviews focused on the
availability of certain heath- and safety-related information. The 2020 scoping study had
identified this information as useful inputs for future monetization efforts. Overall, the
2021 study found that the availability of primary data is limited. Less than 40% of
companies reported having access to data that the consultant team would need for a
future H&S study.
In 2021 the EEAC and the PAs also conducted their own limited secondary research on H&S
NEIs to inform some temporarily deemed H&S NEIs multipliers they were putting in the PAs’
BCR tools. As discussed in the next section, some of the primary objectives of the current study
were to assess these deemed H&S NEI values.

1.1.2 Research Objectives
The primary objective of this study was to use secondary information to confirm, disconfirm, or
propose changes to deemed H&S NEI values that the EEAC and the PAs had inputted into the
BCR tools in 2021 based on limited secondary research. The expectation was for these deemed
values to serve as placeholders until the current study could establish new H&S NEI estimates
based on more extensive research. The deemed H&S NEI values were based on multipliers to
the sums of the separate O&M and non-O&M NEI values that had come out of the 2021 report.
These multipliers were most commonly 50% but were as high as 100% for measures such as
EMS and RCx. Measure categories that received deemed H&S NEI values included HVAC,
EMS, RCx, lighting controls, building envelope, and cooking equipment.
Secondary objectives of this study included:
•

Developing an approach for estimating the H&S NEIs of measures which received
deemed H&S NEI values in the BCR tool but which the team was not able to deeply
research due to budgetary or timing constraints

17 Interviews were completed with 53 equipment vendors. Only one of the measures – adding a VFD to a 75 HP
heating hot water pump – had an average negative H&S score (for IAQ) across all the interviewees. However, there
were 13 cases where individual interviewees gave a negative H&S rating for a measure – mostly involving adding
VFDs to pumps or supply fans. There were many cases where the vendors determined average H&S impacts for
measures to be zero be including safety for motors/drives and IAQ for hot water measures.
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•

Exploring the feasibility of measuring IAQ levels in Massachusetts building use modeling
approaches or primary data collection

•

Testing the REA approach for literature review

1.1.3 Summary of Research Approach
The information sources for this study primarily came from literature reviews conducted using
the REA approach. A more detailed description of the REA approach appears in Section 2.1.
The evaluation team also conducted ad hoc literature reviews not using the REA approach to
help with monetizing the NEIs. In addition, some EEAC/PA representatives provided information
sources that supplemented those from the formal literature reviews. Besides the literature
reviews, the evaluation team also consulted frequently with senior engineers to better
understand how the function of energy-efficient equipment might have H&S impacts, especially
when compared to baseline equipment.
The evaluation team initially prioritized which energy-efficient measures and impact pathways it
studied based on a five-point scoring system. Table 8 shows this prioritization. (An explanation
of the scoring system appears in Section 2.1.3). It should be noted that after developing this
prioritization table, the evaluation team broke the HVAC category into separate boiler and chiller
measures.

Table 8: Prioritization of Measure Category/Effect/Impact Pathways
High
potential
H&S NEI
rating
from
vendors
1

Total
score
5

Using
deemed
values
1

Relationship
linkage
1

Directiona
l linkage
1

Measure
categories
of
EEAC/PA
interest
1

Sick leave

1

1

1

1

1

5

Productivity

IAQ/Asthm
a

1

1

1

1

1

5

HVAC

Health

IAQ/Asthm
a

1

1

1

1

1

5

HVAC

Productivity

Sick leave

1

1

1

1

0

4

HVAC

Health

Hearing
Loss

1

1

0

1

1

4

Lighting

Health

Decreased
Ladder
Falls

1

1

1

1

0

4

RCx

Productivity

IAQ/Asthm
a

1

1

0

1

1

4

Measure/
Measure
category
EMS

Effect
Productivity

Impact
IAQ/Asthm
a

EMS

Productivity

HVAC
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Lighting

Health

Decreased
General
Injuries

1

1

1

1

0

4

Lighting

Productivity

Depressive
symptoms

1

1

1

1

0

4

Building
Envelope

Productivity

IAQ/Asthm
a

1

1

0

1

1

4

Cooking
Equipment

Productivity

IAQ/Asthm
a

1

1

1

0

0

3

HVAC

Health

Burns

1

1

0

1

0

3

Lighting

Productivity

Decreased
Occupant/
Worker
Fatigue

1

1

0

1

0

3

Cooking
Equipment

Health

Burns

1

1

0

0

0

2

Pipe
Insulation

Health

Burns

0

1

0

1

0

2

Motors/Drive
s

Safety

Reduced
Noise

0

1

0

0

0

1

KEY FINDINGS AND RESULTS
The following tables present the estimated H&S NEIs produced by the evaluation team. Table 9
shows the evaluated and recommended H&S NEIs for the measures or measure categories that
the team deeply studied and compares these with the deemed H&S NEIs. Table 10 shows the
ratio between the evaluated H&S NEIs and the deemed H&S NEIs. Table 11 compares the
overall savings-weighted evaluated H&S NEIs with the overall savings-weighted deemed H&S
NEIs. In cases where the deemed values had a range, we used the midpoints for the
comparisons. For the MMBTU values, we show the range between the lowest and highest
values, whether these be electric or gas H&S NEIs.
The tables show that the evaluated H&S NEIs were higher than the deemed estimates for EMS
and lighting controls and lower than the deemed estimates for boilers, chillers, and building
envelope. For the RCx measure, the evaluated H&S NEIs were higher than the deemed
estimates for therms and lower for kWh.
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Table 9: Estimated H&S NEIs for Studied Measures
Deemed Values
Measure/ Measure
category

HVAC (boilers)

$/ther
m

$0.27

HVAC (chillers)

$/kWh

Evaluated Values

$/MMB
TU

$2.70

$0.039

$11.43

$/ther
m

$/kWh

$0.029

$/MMB
TU

$0.29

$0.00

$0.00

EMS

$0.719

$0.098,
$0.111

$7.19$32.53

$0.90

$0.128

$9.00$37.51

Retrocommissioning

$0.719

$0.142

$7.19$41.62

$0.90

$0.128

$9.00$37.51

Building envelope

$0.161

$0.01$0.056

$1.61$16.41

$0.00

$0.00

$0.00

$0.035,
$0.042

$10.26$12.31

$0.046

$13.48

Lighting controls

Table 10: Ratio of Evaluated Values to Deemed Values
Ratio of Evaluated Values
to Deemed Values
Measure/ Measure
category
HVAC (boilers)

$/therm
11%

HVAC (chillers)

$/kWh

$/MMBTU
11%

0%

0%

EMS

125%

122%

122%125%

Retrocommissioning

125%

90%

90%-125%

Building envelope

0%

0%

0%

119%

119%

Lighting controls
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Table 11: Estimated H&S NEIs for Studied Measures with Savings Weighting
Deemed Values

Measure/ Measure
category

HVAC (boilers)

$/
therm

$0.27

HVAC (chillers)
EMS

$0.719
18

$/kW
h

$/
MMBT
U

2020
Energy
Saving
s
(MMBT
U)

$2.70

93,973

$0.039

$11.43

75,510

$0.098
,
$0.111

$7.19$32.53

32,830

26,315

Retrocommissioning

$0.719

$0.142

$7.19$41.62

Building envelope

$0.161

$0.01$0.056

$1.61$16.41

79,314

$0.035
,
$0.042

$10.26$12.31

36,300

$0.056

$3.47$16.42

Lighting controls

Weighted avg.
Ratio of Eval. NEIs
(weighted)/ Ratio of
Deemed
NEIs
(weighted)

$0.35

Estimated Values

$/
therm

$0.029

$/
kWh

$/
MMBT
U

2020
Energy
Savings
(MMBTU)

$0.29

93,973

$0.00

$0.00

75,510

$0.90

$0.128

$9.00$37.51

32,830

$0.90

$0.128

$9.00$37.51

26,315

$0.00

$0.00

$0.00

79,314

$0.046

$13.48

36,300

$0.24

$0.037

$2.40$10.84

69%

65%

Table 12 compares the deemed H&S NEIs with the evaluated H&S NEIs using savings weights
based on the proportion of total non-Custom portfolio kWh savings that each measure category
represents. The evaluated H&S NEIs are closer to deemed H&S NEIs in this case due to
different units of weighting (MMBTU makes the relative share of Building Envelope larger in
Table 11 vs. Table 12 because it accounts for gas savings) and the absence of a discrete RCx
category in Table 12. 19

EMS does not have its own ID in the gas BCR model, so it receives the same gas H&S NEI as RCx
Identifying RCx projects in the C&I tracking data is very difficult because the key identifiers are often only found in
the more granular measure descriptions.
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Table 12: Deemed vs. Evaluated NEI Values
(Savings Weighted Across Non-Custom Electric Measure Mix)
Measure/
Measure
category
Behavior

% of NonCustom kWh
3%

Compressed air

11%

EMS

4%

$0.098, $0,111

$0.128

Envelope

1%

$0.01-$0.056

$0.00

Food service

5%

$0.002 20

$0.001

Hot water

1%

HVAC

9%

$0.039

$0.00

Lighting

21%

Lighting controls

10%

$0.039

$0.046

Motors/drives

8%

Process

10%

Weighted avg.

100%

$0.027

$0.033

Deemed H&S
NEI ($/kWh)

Evaluated H&S
NEI ($/kWh)

In an October 7, 2022, meeting of the EEAC/PA representatives and the evaluation team, it was
agreed that proxy H&S NEI values for the one measure category receiving deemed values that
was not studied – Cooking Equipment/Food Services – should be based on the sales-weighted
ratio between the evaluated H&S NEIs and the deemed H&S NEIs. Table 13 shows these proxy
values.

Table 13: Estimating H&S NEIs for the
Food Services/Cooking Equipment Measure Category

Deemed Values
Measure/
Measure category

Food Services

$/therm

$1.70

$/kWh

$0.002

Proxy Values

$/therm

$1.18

$/kWh

$0.001

Table 14 shows the H&S NEI values for custom gas, and Table 15 for custom electric, at the
aggregated measure category level. Information on how these values were calculated appears
in the Detailed Findings section of this report.
20

These are proxy values as calculated in Table 5.
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Table 14: H&S NEI Values for Custom Gas Measure Categories

Custom Measure
Category

Category Code

Assigned H&S NEI Value
($/therm)

Building Envelope

G-C-Building Envelope

$0

HVAC

G-C-HVAC

$0.022

Water Heater

G-C-Water Heater

Undetermined

Other

G-C-Other

Undetermined

Table 15: H&S NEI Values for Custom Electric Measure Categories

Custom Measure
Category

Category Code

Assigned H&S NEI Value
($/kWh)

CHP/Cogen

E-C-CHP/Cogen

Undetermined

HVAC

E-C-HVAC

$0.112

Lighting

E-C-Lighting

Undetermined

Motors and Drives

E-C-Motors and Drives

Undetermined

Refrigeration

E-C-Refrigeration

Undetermined

Other

E-C-Other

Undetermined

Other key findings included:

22

•

IAQ modeling or measurement efforts would face high costs and uncertain benefits due to
significant implementation barriers: These barriers, which are discussed in more detail in
subsection 1.3, include the difficulty of obtaining baseline C&I IAQ information, the inherent
variability of C&I buildings, limited understanding of C&I air pollution sources and emission
patterns, and the limited availability of specialized skills required for IAQ modeling.

•

The Rapid Evidence Assessment (REA) approach has both advantages and disadvantages:
One advantage of the REA approach is to allow an evaluation team to effectively review a
variety of sources logically and methodically, rather than with a more ad hoc approach. The
REA scoring process also enables a team to scrutinize the validity of studies as factually as
possible while minimizing bias.
The biggest disadvantage of the REA approach is that it is very time and labor intensive. It
took this evaluation team a considerable amount of time to complete the searches, review
each title, check for duplicate results, and score the relevant reference documents. A
secondary disadvantage is the restrictive nature of the search requirements which
discourage an evaluation team from following a promising research trail if it deviates from
previously defined search parameters. Section 3 provides a more detailed discussion of the
advantages and disadvantages of the REA approach.

1.2 THE FEASIBILITY OF MEASURING/MODELING IAQ IMPACTS
As noted, one of the secondary objectives of this study was to explore the feasibility of
measuring IAQ levels in Massachusetts building use modeling approaches or primary data
collection. The Stage Three Workplan for this study originally had the feasibility of IAQ modeling
and primary data collection as separate research tasks. However, we are combining them here
because many potential study designs would combine measurements and modeling.
To this end, the evaluation team completed in-depth interviews with three individuals with
expertise in these areas. These included two representatives of the National Institute of
Standards and Technology (NIST) and one representative of Boston University. In addition, the
evaluation team reviewed papers on IAQ modeling and primary data collection that these
experts had recommended.
Based on these interviews and the accompanying literature review, the evaluation team does
not recommend that the Massachusetts PAs pursue either IAQ modeling or IAQ measurement
at this time, due to their high costs and uncertain benefits. Significant barriers to these activities
include:
•

The difficulty of obtaining baseline IAQ information: The experts indicated that good IAQ
studies should obtain baseline measurements of the IAQ levels before the intervention.
However, this practice is difficult to apply to Massachusetts energy efficiency programs
because the evaluation process usually begins after the energy-efficient measures have
been installed. While a few past Massachusetts evaluations (e.g., lighting control studies)
have been able to obtain pre-installation baseline measurements, these have been the rare
exceptions. In addition, while energy efficiency evaluations often use customer billing data to
model the pre-installation building conditions, this would be difficult to apply to IAQ research
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(except as a rough indicator of occupancy in buildings such as schools, where occupancy
levels can vary significantly on a seasonal basis).
In theory, it could be possible to draw upon IAQ baseline studies to estimate “typical” levels
of air pollutants for commercial buildings. However, the experts informed us that very few of
these IAQ baseline studies have been conducted due to their difficulty and cost. “It’s not a
lot of people [looking at the impacts of energy efficiency on IAQ], because it’s actually hard,”
said one of the experts.
The most reputable of these IAQ baseline studies – an EPA study of 100 randomly-selected
office buildings – is over 20 years old and therefore its findings may not accurately reflect
current building ventilation practices. 21 Furthermore, this EPA study only examined the IAQ
conditions of one building type – the office building.
This lack of good baseline data would be an issue for both measuring and modeling IAQ
impacts.
One additional complication is that recent Massachusetts studies have found evidence that
the COVID-19 pandemic has prompted many building owners to set their outdoor air intake
settings to “maximum” to improve ventilation in their spaces. While it is unclear how long
these max ventilation settings will remain in place, it is possible they could remain for many
years, either due to lingering concerns over the health impacts of the pandemic or to simple
inertia on the part of the building operators. It is also unclear how long the impacts of the
pandemic on commercial building occupancy patterns will last.
Therefore, even if it were currently feasible to conduct pre-installation measurements of
indoor air pollutants, questions might arise as to whether the air pollutant levels being
measured represent baseline levels for typical building occupancy patterns and ventilation
practices versus artificial or temporary patterns/practices driven by the pandemic.
•

The variability of commercial and industrial buildings: Characterizations of commercial
buildings, including the Massachusetts baseline studies, typically use on the order of a
dozen different building types, each corresponding to different operating schedules and
activities within the space. Industrial facilities similarly include a wide range of processes.
Several of the experts interviewed observed that while some indoor air pollution sources are
common to many different building types or business sectors – e.g., CO2 emissions from
workers, VOC emissions from cleaning products, and ozone emissions from printers/copiers
– many other air pollution sources are unique to a particular industry, business sector, or
building type. This variability will make it much more costly to measure IAQ or conduct
modeling in a representative sample of Massachusetts buildings.

21
Womble, S E, Girman, J R, Ronca, E L, et al. 1995. Developing Baseline Information on Buildings and Indoor Air
Quality (BASE ‘94): Part I – Study Design, Building Selection, and Building Descriptions. Proceedings of Healthy
Buildings ’95, Vol. 3, pp 1305-1310 and JR Girrnan, G E Hadwen L E Burton, S E Womble, and J F McCarthy,
Individual Volatile Organic Compound Prevalence and Concentrations In 56 Buildings of the Building Assessment
Survey and Evaluation (Base) Study, lndoor Environments Division, U.S. Environmental Protection Agency, USA,
Environmental Health& Engineering, Inc., USA, 1999.
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•

Limited understanding of air pollution sources and emission patterns: The experts noted that
estimating IAQ improvements via established modeling tools requires knowledge of the
pollutant sources, and that this is inherently challenging. One expert stated that the IAQ
literature is much stronger at reporting on air pollutant concentrations than at identifying the
source strengths of these pollutants. “It’s much more common for people to report
concentrations than source strengths, because to back out source strengths, they have to
know something about ventilation,” said one of the experts. “And … a lot of indoor air quality
studies don’t assess ventilation very well, if at all … There are many fewer values for source
strengths in the literature than concentration values.”
The experts also said that the emission patterns for many indoor air pollutants are not well
understood. “I don’t think we have a good sense of how much these [indoor air pollutant]
sources vary,” said one expert. “We have a pretty good handle on how much CO2 people
emit but in terms of furniture or cleaning products and other stuff that people bring into
buildings, I don’t think we have a good handle on that.”
Some of this lack of understanding is due to the limitations of the IAQ measurement
equipment. For example, Total Volatile Organic Compound (TVOC) sensors are popular
because they are relatively inexpensive compared to other sensors. However, the experts
noted that while TVOC sensors can detect concentrations or spikes in VOCs, “they don’t
really tell you much about what’s in the air. So, you can have different chemicals spiking a
TVOC measurement, and it could be a different chemical every single day.” Therefore, the
experts tend to use these sensors as ways to detect changes in building activity – such as
workers entering or leaving or cleaning crews starting their work.

•

Limited availability of specialized skills required for IAQ modeling: If this type of study were
to be conducted, we would recommend hiring outside experts to advise on and potentially to
conduct the modeling. The pool of people who have the combined skills necessary is
limited, so this staffing need would likely affect the practical timing and cost of the study
Our expert interviews revealed that trying to develop IAQ models in-house would be difficult
for most engineers who are more used to conventional energy efficiency evaluation: The
experts indicated that even an engineer who was proficient with EnergyPlus modeling
software would find it difficult to first learn the complexities of the CONTAM model and then
learning how to get the EnergyPlus and CONTAM models to “talk to each other.” One
challenge is that changing the parameters in both the CONTAM and EnergyPlus models
often requires someone with comfort and familiarity with making manual changes in
computer code. One expert estimated that even an engineer who was very familiar with
EnergyPlus and who was proficient in computer programming would need about two months
to become proficient in CONTAM. However, the experts also noted that there are
consultants who specialize in CONTAM modeling who could be used in lieu of developing
in-house expertise.

1.3 MEASURE-SPECIFIC H&S NEI FINDINGS
This section of the report describes how the evaluation team derived the H&S NEI estimates for
each of the energy-efficient measures it studied.
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1.3.1 Energy-Efficient Boilers
This subsection describes how the evaluation team derived the H&S NEI estimates for the
energy-efficient boiler measure. 22

1.3.1.1 Literature Review

Through REA-based keyword searches and additional materials provided through various
contacts, the evaluation team conducted a preliminary review of 180 studies that appeared to
meet the study’s inclusion criteria using first search terms related to asthma and other
respiratory illnesses impacted by IAQ. Of these 180 studies, we identified and reviewed fully 52
with abstracts deemed to be relevant to the study’s research objectives. Based on the full
review we determined that 23 of the 52 studies to be useful in meeting the study research
objectives. Table 16 lists these studies.

Table 16: Studies Useful for Calculating Boilers H&S NEIs

Study Name

Study Authors, Year

Source

Association of PM10 and PM2.5
Exposure with Respiratory Health of
the Children Living Near Palm Oil Mill,
Dengkil

Hussin, Jalaludin, 2016

Google Scholar

Environmental and Health Impacts of
Domestic Hot Water (DHW) Boilers in
Urban Areas: A Case Study from
Turin, NW Italy

Ravina, Gamberini,
Casasso, Panepinto,
2020

Journal of Environmental
Research and Public
Health, NIH

Gas Boilers and NOx: The Hidden
Emitter. Air Quality Impacts of Gas
Combustion in Homes Is Put Into
Focus This Winter

Energy & Climate
Intelligence Unit, 2020

Energy & Climate
Intelligence Unit

Combustion Modification – An
Economic Alternative for Boiler NOx
Control

Folsom, Tyson, 2001

GE

Indoor Nitrogen Oxides

Vilcekova, Silvia, 2011

From the Edited Volume:
Advanced Air Pollution

Gas Appliances Pollute Indoor and
Outdoor Air, Study Shows

Delforge, Knab Hasson,
2020

NRDC

Effects of Residential Gas Appliances
on Indoor and Outdoor Air Quality and

Zhu, Connolly, Lin,
Matthews, Wang, 2020

UCLA Fielding School of
Public Health Department

22 As discussed below, this NEI could be applied to similar gas-burning heating equipment that produces combustion
products such as furnaces.
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Public Health in California

of Environmental
Sciences

Health

Causes and Consequences of
Backdrafting of Vented Gas
Appliances

Nagda, Koontz, Billick,
Leslie, Behrens, 1996

Journal of the Air & Waste
Management Association

Methane and NOx Emissions from
Natural Gas Stoves, Cooktops, and
Ovens in Residential Homes

Lebel, Finnegan,
Ouyang, Jackson, 2022

Environmental Science &
Technology

Available and Emerging Technologies
for Reducing Greenhouse Gas
Emissions from Industrial,
Commercial, and Institutional Boilers

Office of Air Quality
Planning and Standards
U.S. Environmental
Protection Agency, 2010

United
States
Environmental Protection
Agency - Office of Air and
Radiation

An Estimate of Natural Gas Methane
Emissions from California Homes

Fischer, Chan, Delp,
Jeong, Rapp, Zhu, 2018

Impact of Natural Gas Appliances on
Pollutant Levels in California Homes

Mullen, Li, Singer, 2012

LBNL

Results of the California Healthy
Homes Indoor Air Quality Study of
2011–2013: Impact of Natural Gas
Appliances on Air Pollutant
Concentrations

Mullen, Li, Russell,
Spears, Less, Singer,
2015

Indoor Air

A State-Of-The-Art Review on Indoor
Air Pollution and Strategies for Indoor
Air Pollution Control

Gonzalez-Martin,
Kraakman, Perez,
Lebero, Munoz, 2020

Chemosphere

Climate Change, Indoor Air Quality
and Health

Schenck, Ahmed,
Bracker, DeBernardo,
2010

EPA

The Impact of Energy Retrofits on
Pediatric Asthma Exacerbation in A
Boston Multi-Family Housing
Complex: A Systems Science
Approach

Tieskens, Milando,
Environmental Health
Underhill, Vermeer, Levy,
Fabian, 2021

Health and Safety Guide for Home
Performance Contactors

Stratton, Walker, 2012

LBNL

Sarcoidosis, Asthma, and AsthmaLike Symptoms Among Occupants of
a Historically Water-Damaged Office
Building

Laney, Cragin, Blevins,
Sumner, Cox-Ganser,
Kreiss, Moffatt, Lohff,
2008

Indoor Air
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Indoor Air Quality Tools for Schools:
Reference Guide

U.S. EPA, 2009

EPA

Developing Evidence-Based
Prescriptive Ventilation Rate
Standards for Commercial Buildings in
California: A Proposed Framework

Mendell, Fisk, 2014

LBNL

Asthma Hospitalization Rates Among
Children, and School Building
Conditions, by New York State School
Districts, 1991-2001

Belanger, Kielb, Lin,
2006

Journal of School Health

Impact of Natural Gas Appliances on
Pollutant Levels in California Homes

Mullen, Li, Singer, 2012

LBNL

Indoor Exposure to Selected Air
Pollutants in the Home Environment:
A Systematic Review

Vardoulakis, Giagloglou,
Steinle, Davis,
Sleeuwenhoek, Galea,
Dixon, Crawford, 2020

International Journal of
Environmental
Research
and Public Health

1.3.1.2 Developing H&S NEI Estimates for Respiratory Impacts from EE Boilers

To monetize NEI values for this measure impact pathway, the evaluation team reviewed the
studies gathered during the REA research process. We looked for studies that:
1. Quantified the reduced illness associated with installing an energy-efficient boiler
2. Quantified the reduced levels of indoor air pollutants with installing an energy-efficient
boiler
3. Qualitatively indicated reduced illness associated with installing an energy-efficient boiler
4. Qualitatively indicated reduced levels of indoor air pollutants associated with installing an
energy-efficient boiler
We found limited, poorly documented qualitative evidence that combustion products contribute
to elevated indoor air pollutants in gas-consuming commercial-industrial buildings. Stronger
causal linkages can be drawn between HVAC equipment and outdoor air quality, but these
should be addressed by general social-cost-of-emissions factors applicable to all gas use.
The team found no direct documentation that energy-efficient gas equipment reduces IAQ or
related illness in commercial buildings. It also consulted with three different DNV senior
engineers with extensive C&I HVAC experience. These engineers said that if the boilers were
venting properly, there would be no reason why an energy efficient boiler produce different IAQ
impacts from a standard-efficiency boiler. They also observed that most current building codes
require mechanical rooms to have dedicated exhaust systems to ensure these rooms maintain
negative pressure to adjacent spaces and corridors.
One mechanism for the contribution of combustion to IAQ appears to be through re-entry of flue
emissions (commonly called “backdrafting”). Three studies discussed the link between
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backdrafting and IAQ issues, but all were residential studies and only one mentioned boilers.
The team looked for studies that estimated the frequency of this backdrafting but found none.
However, it did find evidence of changes to building codes and practices to reduce the
incidence of backdrafting, including:
•

In the 1990s, new Depressurization Tightness Limits (DTLs) were adopted to reduce the
incidence of backdrafting in buildings. 23

•

ASHRAE 62.2 (section 6.4) requires that fuel-burning appliances installed in conditioned
spaces be subject to a Worst-Case Depressurization Combustion Air Zone (CAZ) test to
minimize the incidence of backdrafting.

•

Many building codes require backdraft dampers to be installed to reduce backdrafting.

This information about building codes and practices designed to minimize backdrafting led the
evaluation team to conclude that backdrafting would likely occur very infrequently. The team’s
assumption was that in rare cases where backdrafting occurs, a high efficiency boiler would
produce fewer combustion products through its flue than the standard efficiency boiler for each
unit of energy consumption, meaning that fewer combustion products would be sucked back
into the building.
Based on the limited evidence discussed above, the team concluded that H&S NEI impacts of
an energy-efficient boiler, or similar gas combustion (e.g., furnaces) equipment, would be
greater than zero but very small. The team therefore assumed that 5% of asthma/other
respiratory illnesses are related to gas combustion products in the building. This 5% estimate
was not based on any quantitative evidence from the sources but was a proxy for the
assumption of a small impact that is more than zero derived from the qualitative evidence.
The evaluation team estimated the quantitative relationship between improved boiler efficiency
and reduced health impacts, as follows:
•
•

•

•

We assume that 5% of asthma/other respiratory illnesses are related to gas combustion
products in the building (see discussion above).
Percent gas savings is calculated as
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑏𝑏𝑏𝑏𝑏𝑏ℎ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝐶𝐶&𝐼𝐼 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) =
2.8%
We assume the percent reduction in gas use is equivalent to the percent reduction in
building-combustion-related illness. Our searches did not provide quantification for this
relationship in commercial buildings, so we took this equal percent reduction as a
“neutral” assumption.
We therefore estimate the reduction in asthma impacts as
(% 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑖𝑖𝑖𝑖 𝑔𝑔𝑔𝑔𝑔𝑔 𝑢𝑢𝑢𝑢𝑢𝑢) 𝑥𝑥 (% 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑔𝑔𝑔𝑔𝑔𝑔 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) =
(0.028) 𝑥𝑥 (0.05) = 0.14% 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑖𝑖𝑖𝑖 𝑎𝑎𝑎𝑎𝑎𝑎ℎ𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

See Building Codes and Indoor Air Quality, prepared by David Mudarri of the Cadmus Group for the U.S.
Environmental Protection Agency, Office of Radiation and Indoor Air, Indoor Environments Division, September 2010.
building_codes_and_iaq.pdf (epa.gov)

23
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The evaluation team based the H&S NEI estimates on the base incidence of illness per
employee from national data, then estimated the number of affected employees in the
participating businesses by scaling Massachusetts employment in proportion to participant
consumption and determined (or assumed) the percent reduction in illness rate associated with
the presence of the measure.
For the three additional non-asthma pathways, the team used a similar scaling approach and
the same assumption (described above) that an energy-efficient boiler would reduce the
respiratory impacts by 0.14% The new H&S NEI boiler estimates appear in Table 17.

Measure
Group

Effect

HVAC – Boilers

Table 17: Boiler H&S NEIs Estimates

Impact

Financial
Consequence
Type

IAQ

All Respiratory
Illness

Cost/Incidence
Frequency

NEI $/Unit
Savings
($/MMBTU)

NEI $/Unit
Savings
($/therm)

Medical Care –
Asthma

Annual

$0.1052

$0.011

Medical Care –
COPD

Annual

$0.0422

$0.004

Medical Care –
Acute
Respiratory
Illness

Annual

$0.1224

$0.012

Missed Time –
ALL
Respiratory
Illness

Per
incident

$0.0177

$0.002

Total: $0.2875

$0.029

1.3.1.3 Comparison with Deemed BCR Values

The total estimated H&S NEI value for boilers based on this analysis is $0.2875/MMBTU or
$0.029/therm. The corresponding deemed value used for C&I boiler measures in the BCR is
$0.27/therm, an order of magnitude larger. The team therefore concludes that the deemed
values appear to be overstated and not supported by the available research.

1.3.2 Energy-Efficient Chillers
This subsection describes how the evaluation team derived the H&S NEI estimates for the
energy-efficient chiller measure.

1.3.2.1 Literature Review

Through REA-based keyword searches and additional materials provided through various
contacts, the evaluation team conducted a preliminarily review of 156 studies that appeared to
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meet the study’s inclusion criteria related to asthma and other respiratory illnesses impacted by
IAQ. Of these studies, we fully reviewed five after deeming their abstracts to be relevant to the
study’s research objectives. Table 18 lists these five studies.

Table 18: Studies Useful for Calculating Chillers H&S NEIs
Study Name

Study Authors,
Year

Source

Impact of Air-side Economizer Control
Considering Air Quality Index on Variable Air
Volume System Performance

Cho, Park, Jeong,
2017

International Journal
High-Rise Buildings

Association of Ventilation System Type with
SBS Symptoms in Office Workers

Seppanen, Fisk,
2001

Indoor Air

Achieving Better Energy-Efficient Air
Conditioning - A Review of technologies and
strategies

Chua, Chou, Yang,
Yan, 2013

Applied Energy

Review of Research on Air-Conditioning
Systems and Indoor Air Quality Control for
Human Health

Yu, Hu, Liu, Yang,
Kong, Liu, 2009

International
Refrigeration

A Field Study on Indoor Environment Quality
of Chinese Inpatient Buildings in a Hot and
Humid Region

Tang, Ding, Li, Li,
2019

Building and Environment

Journal

of

of

1.3.2.2 Developing H&S NEI Estimates for IAQ Impacts from EE Chillers

Both our review of the five reference documents listed in the previous subsection and
communications with DNV’s senior engineers who have special expertise in chiller systems
found no compelling evidence that energy-efficient chillers would improve (or necessarily
worsen) the indoor air quality of a building. The literature indicates that the presence of air
conditioning tends to be associated with Sick Building Syndrome (SBS), which is related to
building tightness, humidity, and air flow. There was no literature suggesting that high efficiency
chillers per se would mitigate these issues. To the extent higher efficiency is achieved by
reducing window opening and increasing recirculated air, these features would tend to worsen
SBS. Introducing greater air flow tends to increase energy consumption. There are strategies
that can jointly reduce energy use and improve indoor air quality, but these require explicit
system design to achieve the effects.
DNV’s engineers suggested that a higher-efficiency chiller could have better sealing of
refrigerants, potentially reducing leakage of refrigerants into occupied space. However, this is
likely to be a minor effect and was not documented in the literature.
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One other possible impact, suggested by a client involved with another DNV NEI study, is that
some high efficiency HVAC and water heating systems include CO sensors as part of their
systems, which could potentially reduce the incidence of CO poisoning. However, DNV’s senior
engineers pointed out that most building codes now require CO sensors where combustion
occurs (either inside or outside the equipment) as well as fire alarms, and these are relatively
inexpensive to install. Therefore, while a built-in CO sensor on a new HVAC system might make
it easier to identify the source of the CO contamination if it were coming from the system, the
mandatory CO sensors should provide adequate protection from this problem. Furthermore,
most current building codes require that mechanical rooms have dedicated exhaust systems to
ensure that these rooms maintain negative pressure to the adjacent spaces and corridors.
On balance we therefore assume zero health impact from energy-efficient chillers. Table 19
summarizes the relevant conclusions from the key studies identified.

Reference
Document

Table 19: Summary of Relevant Conclusions
for Studies Useful for Calculation of Chillers H&S NEIs

Implications for
Current Study

Equipment/Effects Studied

Key Findings

Cho, Park,
Jeong, 2017

Air Quality Index-modified
economizer vs conventional—
AQI-modified prevents running
the economizer when outside
AQI is bad.

The modified economizer
leads to better health
outcomes and slightly
higher energy use.

Minimal. This is about
the IAQ and energy
consumption impacts
of different
economizer designs
and operating
schedules in Asian
cities where the
outdoor air quality is
often poor. It’s not
representative of what
most high efficiency
chillers do. Mitigating
impacts of outside air
quality is a bigger
issue in some major
Chinese cities than in
the US.

Seppanen, Fisk,
2001

Literature review of studies of
office buildings assessing the
differences in incidence of Sick
Building Syndrome (SBS) with
different HVAC types.

Multiple preventative and
corrective measures are
needed to substantially
reduce the SBS
symptoms associated
with HVAC systems.
Commissioning,
operational checks,

Establishes that air
conditioning
contributes to SBS,
but has nothing on
reduction in SBS
associated with more
efficient air

Identifies the associations of
ventilation system types in
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office buildings with SBS
symptoms.

training of operators, and
maintenance may be
particularly important for
reducing the risks of
health effects associated
with HVAC systems.
Provides relative risk
(RR) in terms of
prevalence P of SBS in
alternative 1 vs base 0.

conditioning
Risk factors include
humidity, microbial
growth, recirculation of
pollutants with air
recirculation.

RR =P1 /P0.
Finding: up to 30% to
200% increases in
symptom prevalence in
the air-conditioned
buildings.
Chua, Chou,
Yang, Yan, 2013

A review of technologies and
strategies for achieving better
efficient air-conditioning

General implication is
that it’s possible to jointly
improve IAQ and energy
efficiency only by
deliberately designing
systems to achieve that.
Otherwise, ventilation /air
flow control to improve
efficiency only tends to
make IAQ worse

Qualitative directions,
no indication of
benefits from EE.

Yu, Hu, Liu,
Yang, Kong, Liu,
2009

A review of research on airconditioning systems and
indoor air quality control for
human health

Suggests that best ways
to reduce IAQ are to filter
outdoor air, isolate indoor
air pollution sources from
cross-contamination, use
low pollution building
materials, and frequently
clean filters and heat
exchangers

Ditto.

Tang, Ding, Li, Li,
2019

Measurements of Indoor
Environmental Quality
parameters in existing
hospitals together with
occupant questionnaire.

The study found some
hospital staff/patient
complaints about IAQ
due to insufficient outside
air intake and
dehumidification

Minimal.
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While we did not find any compelling evidence for H&S NEIs for chillers stemming from
improvements in IAQ, there was some evidence of possible employee productivity benefits due
to greater thermal comfort. Since the previous C&I O&M/non-O&M NEI study 24 covered the
productivity benefits of thermal comfort, we did not estimate these impacts in the current study
to avoid double-counting.

1.3.2.3 Comparison with Deemed BCR Values

For chillers, the deemed H&S values are $0.27/therm and $0.039/kWh (for High Efficiency
Chiller – IPLV and High Efficiency Chiller – FL). As indicated above, these values do not appear
to be supported by the literature and we recommend $0 H&S NEI for chillers.

1.3.3 Energy Management Systems
This subsection describes how the evaluation team derived the H&S NEI estimates for the
Energy Management System (EMS) measure.

1.3.3.1 Literature Review

The evaluation team preliminarily reviewed 254 studies that resulted from the REA search
process and appeared to meet the study’s inclusion criteria related to EMS, asthma and other
respiratory illnesses impacted by IAQ. Of those studies, we fully reviewed 68 after deeming the
abstracts to be relevant to the study’s research objectives. We determined eight studies to be
useful in meeting the study’s research objectives after a full review. Table 20 lists these studies.

Table 20 Studies Useful for Calculation of EMS H&S NEIs

Study Name

Study Authors

Source

Using co-simulation between EnergyPlus
and CONTAM to
develop IAQ and energy-centric demandcontrolled
ventilation systems

Alonso, Dols, Mathisen,
2019

National Institute of
Standards and
Technology

Assessing the Energy and Indoor-PM2.5Exposure Impacts of Control Strategies
for Residential Energy Recovery
Ventilators

Zhong, Wu, Ridley, 2020

Journal of Building
Engineering

Advanced, Integrated Control for Building
Operations to Achieve 40% Energy
Saving

Lu, Yan, Song, Zhen,
Loftness, Vivian, Ji, Kun,
Zheng, Sam, Lasternas,
Bertrand, Marion, Flore,
and Yuebin, Yu, 2012

US DOE

24

O&M and NON-O&M NEI Study (MA20X10-B-CIOMNEI)
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Economic Benefits of an Economizer
System: Energy Savings and Reduced
Sick Leave

Fisk, Seppanen,
Faulkner, Huang, 2004

LBNL

Indoor Air Quality and Energy
Management Through Real-Time Sensing
in Commercial Buildings

Kumar, Martani,
Morawska, Norford,
Choudhary, Bell, Leach
2016

Energy and Buildings

Indoor Air Quality Engineering

Heinsohn, Cimbala, 2003

Google Scholar

Data Driven Indoor Air Quality Prediction
in Educational Facilities Based on IoT
Network

Tagliabue, Cecconi,
Rinaldi, Crinbini, 2021

Energy and Buildings

Efficient Reduction of Indoor Exposures.
Health Benefits from Optimizing
Ventilation, Filtration, and Indoor Source
Controls

Hanninen & Asikainen,
2013

Google Scholar

For estimating the NEIs for the EMS measure, we included sources that mentioned changes to
IAQ, not necessarily requiring that the source also include the health benefits of any IAQ
improvement. In general, the literature review approach we used for the EMS measure was
somewhat different from the one we described in the previous section for boilers. For boilers, we
included literature that related the equipment to IAQ or health impacts. Then we estimated the
level of mitigation associated with the energy-efficient version of the equipment. In contrast, for
EMS we assumed that the baseline was no-EMS (see additional explanation below) and so we
looked for the effect of the EMS on health or on health drivers.

1.3.3.2 Developing H&S NEI Estimates for IAQ Impacts from EMS

To monetize NEI values for this measure impact pathway, the evaluation team reviewed the
studies gathered during the REA research process. We looked for studies that

1. Quantified the reduced illness associated with the installation of an EMS in a building or
space where it did not previously exist or where the performance of the legacy EMS
system had deteriorated significantly. 25

25 Research that was conducted in Massachusetts in 2020 and 2021 concerning industry standard practices (ISP) for
EMS opened the door for incentives to be available for project which involved the replacement or upgrade of an
existing EMS. Previously EMS incentives had only been available for scenarios where the building or space had not
previously had an EMS. In the initial EMS memo, we assumed that the baseline condition was no previous EMS
since this is what the literature we reviewed appears to imply. Also, in 2020, the year from which the tracking data for
this analysis was derived, most, if not all, of the submitted projects would have used the baseline assumption of no
previous EMS.
However, one commentator on the initial EMS memo noted that if the PA EMS programs were accepting, going
forward, the replacement/upgrade of existing EMS systems, then our analysis should address this scenario also. We
have decided that our NEI estimates would be applicable to both scenarios – either the installation of an EMS in a
building that never had one, or the replacement/upgrade of an existing system. We think these benefits would also be
realized in the latter scenario since the 2021 EMS ISP study found significant concerns with the age and performance
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2. Quantified the reduced levels of indoor air pollutants with the installation of an EMS in a
building or space where it did not previously exist or where the performance of the
legacy EMS system had deteriorated significantly.
3. Qualitatively indicated reduced illness associated with the installation of an EMS in a
building or space where it did not previously exist or where the performance of the
legacy EMS system had deteriorated significantly.
4. Qualitatively indicated reduced levels of indoor air pollutants associated with the
installation of an EMS in a building or space where it did not previously exist or where
the performance of the legacy EMS system had deteriorated significantly.
The strongest causal linkage we found between EMS and IAQ was related to ventilation. The
literature review, as well as interviews with DNV’s senior engineers, revealed several theoretical
ways that EMS systems can improve ventilation and IAQ, including:
•

Monitoring HVAC systems to ensure they are operating as designed (e.g., ensuring
minimum ventilation, air change rates, and exhaust requirements are met; ensuring
building and spaces are pressurized as designed)

•

Optimizing the ventilation systems (e.g., using demand control ventilation for outside air
intake and supply)

•

Optimizing exhaust systems (e.g., in kitchens, laboratories)

•

Providing information on the functionality of economizers 26

•

Providing warnings/alarms of:
o

Defective CO/CO2 sensors

o

Dirty air filters based on pressure drops across filter

o

Dirty coils/heat exchangers based on pressure drops across coils/heat
exchangers

o

Condensate drain pans 27

of the legacy systems. In addition, one would assume that EMS replacement/upgrade projects submitted through the
PA programs would anticipate a certain level of energy savings and that the realization of these savings would be
unlikely if the legacy system was in fine working order.
This 2020-2021 EMS ISP research referenced above included the following reports and memos: EMS ISP Study:
Project MA20C03-B-EMSISP Final Report, Prepared for the Massachusetts Program Administrators and Energy
Efficiency Advisory Council by DNV, June 20, 2021. MA20C03-B-EMSISP-EMS-ISP-Study-Final-Report-Clean.pdf
(ma-eeac.org); Dyson, Christopher, DNV and Richard Andelman, B2Q, “Final Memorandum Summarizing EMS ISP
Study’s Follow Up Work,” submitted to the Massachusetts Program Administrators and MA Energy Efficiency
Advisory Council, October 18, 2021 MA-CIEC-EMS-ISP-Study-MA20C03-B-EMSISP-Follow-Up-Research-FinalMemo-w-Appendix.pdf (ma-eeac.org); and Energy Management System C&I Implementation Working Group, Energy
Management Systems Baseline Opinion Statement, issued to the Massachusetts EEAC, July 23, 2020.
26 A 2017 CPUC study found that only 59% of the economizers inspected in the field were functional (Impact
Evaluation of 2015 Commercial Quality Maintenance Programs (HVAC3), prepared for the California Public Utilities
Commission by DNV GL, April 7, 2017, p. 50).
27 If the condensate pan is not draining properly two problems may occur: 1) the water may overflow, causing water
damage to interior finishes and possibly result in mold growth on moist interior finishes, and 2) the condensate pan
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•

Activating/monitoring air recycling systems

•

Activating/monitoring bipolar ionization technology

While EMS systems can provide much information that could potentially improve the functioning
of ventilation systems, a key question is whether building managers act on this information. The
2021 Massachusetts EMS ISP study found that 76% of the EMS end users reported accessing
their EMS systems daily. 28 The study also collected anecdotal information that end users
respond to alarms when points (e.g., sensors or controllers) go offline. “If I lose input to
something, I get notified and get it fixed,” said one end user. “We’re doing a lot of preventative
maintenance. If something doesn't work, we take care of it right away,” said another.
However, follow-up Massachusetts EMS ISP research raised questions as to the technical
proficiency of the building managers in interpreting information provided by their EMS
systems. 29 Some of the literature from the REA process came to similar conclusions. “In-house
expertise amongst facility managers is generally insufficient to manage sensor networks,” one
study concluded. 30 The evidence cited earlier – that a California field study found that only 59%
of economizers were functional – could also be interpreted as evidence that building managers
do not always act upon information provided by their EMS systems. One would assume that
some of the buildings with non-functional economizers had EMS systems notifying the facility
managers of these equipment failures.
Keeping these qualifications in mind, the team attempted to estimate the H&S NEIs for the EMS
measure. Specifying EMS H&S NEI factors comes with a few challenges. One is that an EMS
can control both gas and electric equipment, with different relationships between savings and
NEIs. A related issue is that the EMS typically will control multiple end-uses, with different levels
of savings and associated NEIs. Finally, the health benefit from the EMS depends on the
baseline condition.
Based on these considerations, we made the following assumptions:
1. The primary H&S benefit from EMS is associated with improved ventilation and the
associated mitigation of IAQ-related illnesses. Most of the literature the team reviewed
on
the
health
benefits
of
control
systems
addressed
ventilation.

can have stagnant water in it, when combined with particulates in outside air and return air, can become a petri dish
of bacterial growth and micro-organisms. The condensate drain pan is often in the air stream, so the air will pick up
whatever is growing in the drain pan and distribute it to the spaces that the equipment is serving.
28EMS ISP Study: Project MA20C03-B-EMSISP Final Report, Prepared for the Massachusetts Program
Administrators and Energy Efficiency Advisory Council by DNV, June 20, 2021. MA20C03-B-EMSISP-EMS-ISPStudy-Final-Report-Clean.pdf (ma-eeac.org)
29 Dyson, Christopher, DNV and Richard Andelman, B2Q, “Final Memorandum Summarizing EMS ISP Study’s Follow
Up Work,” submitted to the Massachusetts Program Administrators and MA Energy Efficiency Advisory Council,
October 18, 2021 MA-CIEC-EMS-ISP-Study-MA20C03-B-EMSISP-Follow-Up-Research-Final-Memo-w-Appendix.pdf
(ma-eeac.org);
30 Prashant Kumar, Claudio Martani, Lidia Morawska, Leslie Norford, Ruchi Choudhary, Margaret Bell, Matt Leach,
“Indoor air quality and energy management through real-time sensing in commercial buildings,” Energy and Buildings,
Volume 111, 2016, Pages 145-153.
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2. When scaling NEIs for EMS in relation to energy savings, the combined gas and electric
MMBTU saved (at the site) can be used, so that a single relationship will apply to both
electricity and gas. This assumption is not perfect but allows sources that analyze
different fuels to be combined in a straightforward way. Most of the benefits in the
reviewed sources are related to heating and cooling control and economizers. The same
level of NEI would not be expected to apply to savings due to lighting controls. Thus, this
assumption might overstate electric NEI benefits relative to gas if electric savings are
dominated by lighting controls.
One suggestion from the PAs was to develop NEI factors related to ventilation on a persquare-foot basis rather than in relation to energy savings. Such a factor could be
applied to the square footage of space with improved ventilation. This approach would
allow scaling in relation to the magnitude of the primary NEI mechanism, rather than
relative to savings that combine ventilation benefits with heating, cooling, and lighting
controls. This separation could be particularly important if a ventilation improvement is
associated with reduced heating or cooling energy savings, rather than having NEI
generally increase with savings.
As indicated below, the literature does provide some estimates of NEIs on a per-squarefoot basis, and we offer recommendations where these can be applied. However, the PA
tracking data does not currently include floorspace served by the measure, nor does it
identify how much of the savings is associated with ventilation management versus other
end uses. The savings-based NEI factors developed here are therefore meant to be
appropriate on average across the mix of installations but may over- or under-state
effects for particular projects based on the mix of end uses addressed.
3. The extent to which general ventilation improvement measures mitigate negative health
impacts, and the relationships between health benefit and energy savings, is roughly the
same for the current program measures and baselines as for the cases reported in the
literature. That is, in effect we are borrowing results from other studies with whatever
baseline energy and ventilation conditions they had and applying these results to the
Massachusetts measures with whatever baselines they have. While this is an imperfect
assumption, we have little basis for adjusting the prior results. The broad assumption is
that the ventilation improvement measures are implemented where they are needed, not
in perfectly functioning buildings; that the savings reflect the combination of the amount
of space served by the measure and the degree of improvement achieved; and that
benefits scale with this combination.
One comment on the June 29, 2022, EMS memo raised the concern that if the presence
of EMS is assumed to provide all of the potential health benefits, we would have difficulty
valuing the impact of commissioning, for exampling identifying EMS elements that
require repair or reset. The assumption is that if a facility receives an EMS in one year
and RCx in a later year, the savings and measure life from both are correctly
determined, so that the identified NEIs can apply to each for the defined EUL. If savings
or measure life are incorrect, that would need to be addressed outside this study.
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Our methodology also addresses comments submitted by the EEAC/PA representatives on the
June 29 EMS memo These questions/concerns, and the evaluation team’s responses to them,
appear below:
1) Whether the EMS systems are even programmed to allow end users to reap benefits from
improved ventilation: “More fundamentally - while an EMS could provide these [ventilationrelated] benefits, are they programmed in and operational?” asked one of the EEAC/PA
reviewers. “An EMS does not inherently improve IAQ, it is the presence of control devices
and programming within the EMS that have an impact.” For example, the commentator
observed that it is not uncommon for an HVAC roof-top unit (RTU) to have a manufacturerprovided controller that doesn't communicate well with an EMS.
These are fair questions. The 2021 Massachusetts EMS ISP study 31 asked the EMS end
users an open-ended question about how they use their systems. 32 Figure 1 shows their
responses. Only 15% of the end users mentioned ventilation system control specifically, but
41% did mention RTU controls; 30% mentioned control of either the chiller, boiler, or airhandling units; 22% mentioned control of variable air volume (VAV) boxes; and 15%
mentioned control of exhaust fans.
It is also important to point out that because it was an open-ended question, it is possible
that more than 15% of the end users did use their systems to control ventilation but did not
mention it because it was not top of mind compared to other control functions. It is also
worth noting that some of these systems likely have the capability to control ventilation, but
the end users are just not taking advantage of these capabilities, for whatever reason.
The 2021 Massachusetts EMS ISP study also found that 76% of the EMS end users
reported accessing their EMS systems daily. The study also collected anecdotal information
that end users respond to alarms when points (e.g., sensors or controllers) go offline. “If I
lose input to something, I get notified and get it fixed,” said one end user. “We’re doing a lot
of preventative maintenance. If something doesn't work, we take care of it right away,” said
another.
However, follow-up Massachusetts EMS ISP research raised questions as to the technical
proficiency of the building managers in interpreting information provided by their EMS
systems. 33 Some of the literature from the REA process came to similar conclusions. “Inhouse expertise amongst facility managers is generally insufficient to manage sensor
networks,” one study concluded. 34 The evidence cited earlier – that a California field study
ISP Study: Project MA20C03-B-EMSISP Final Report, Prepared for the Massachusetts Program
Administrators and Energy Efficiency Advisory Council by DNV, June 20, 2021. MA20C03-B-EMSISP-EMS-ISPStudy-Final-Report-Clean.pdf (ma-eeac.org)
32 The interview question was: “How does your company use the EMS/BAS?" a. [IF NOT ALREADY MENTIONED]
What equipment is controlled?" b. [IF NOT ALREADY MENTIONED] How is the equipment controlled?" c. [IF
VIRTUAL SITE VISIT] Can you show us a picture of the interface/dashboard for your EMS/BAS?"
33 Dyson, Christopher, DNV and Richard Andelman, B2Q, “Final Memorandum Summarizing EMS ISP Study’s Follow
Up Work,” submitted to the Massachusetts Program Administrators and MA Energy Efficiency Advisory Council,
October 18, 2021 MA-CIEC-EMS-ISP-Study-MA20C03-B-EMSISP-Follow-Up-Research-Final-Memo-w-Appendix.pdf
(ma-eeac.org);
34 Prashant Kumar, Claudio Martani, Lidia Morawska, Leslie Norford, Ruchi Choudhary, Margaret Bell, Matt Leach,
31EMS
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found that only 59% of economizers were functional – could also be interpreted as evidence
that building managers do not always act upon information provided by their EMS systems.
One would assume that some of the buildings with non-functional economizers had EMS
systems notifying the facility managers of these equipment failures. However, one
commentator on the first EMS memo observed that sometimes these economizers, as well
as other HVAC equipment, are not connected to the EMS systems and instead have
manufacturer-provided controllers that operate independently.

Figure 1: How Customers Use Their EMS
n=27
Temperature control
Scheduling HVAC for occupancy
RTU control
Lighting control
Boiler control
Chiller control
AHU control
Pump control
Cooling tower control
VAV control
Unspecified HVAC control
Ventilation system control
Exhaust fan control
Alarms for failing equipment
Demand response
Backup generation control
Heat pump control
DX control
Maintaining building pressure
Steam plant monitoring
Refrigeration control
Monitoring boilers
Split AC control
Dehumidifier control
Controlling other equipment*
Other uses**

15%
15%
15%
11%
11%
11%
11%
7%
7%
7%

22%
22%
22%
22%

41%
37%

30%
30%
30%

7%
7%
7%

20%

67%

41%

15%
0%

56%

40%
60%
% of respondents

80%

100%

Source: EMS ISP Study: Project MA20C03-B-EMSISP Final Report

In the same Massachusetts EMS ISP study, several end users also said that due to the COVID19 pandemic they had overridden the controls on the outside air intake to maximize the amount
of outside air coming into the building. “Right now, people are less concerned about the energy
impacts and 95% concerned about the COVID part,” said one of the end users. “People are
running equipment 24/7; they're having trouble with coils because they're bringing in too much
outside air…. People are disabling their demand control ventilation.”
“Indoor air quality and energy management through real-time sensing in commercial buildings,” Energy and Buildings,
Volume 111, 2016, Pages 145-153.
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Taking all this into consideration, the EEAC/PA commentator is correct that it is likely that some
EMS end users do not control their ventilations systems, either because their EMS systems are
not programmed to do so, or because they choose not to monitor or control their ventilation
systems, even though they have the capability to do so. To address this concern, we have used
the information in Figure 1 to reduce our NEI estimates for these measures by 25%.
2) What ventilation baseline the evaluation team is assuming: “Code requires economizers for
many systems and doesn't require an EMS,” said one EEAC/PA reviewer. “Can you please
clarify more specifically how the code baseline was determined and used?”
The evaluation team has addressed this baseline question in methodological assumption #3
above. As discussed in more detail there, we are assuming that the extent to which general
ventilation improvement measures mitigate negative health impacts, and the relationships
between health benefit and energy savings, are roughly the same for the current program
measures and baselines as for the cases reported in the literature.
Table 21 summarizes the sources and results for the Mitigation Factor approach. The last row of
the table is a subjective expert estimate rather than being based on any analysis. It is included
as a rough order-of-magnitude sanity check on the other values listed.
Table 22 provides the results for the Health/Energy Ratio approach. The tables include some
sources that were not discovered through the primary REA search process but were either
provided by experts or discovered through citations in either the REA or expert-provided
sources.
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Table 21: Mitigation Factors
(% Reduction in Illness Associated with Ventilation Improvements)

Source

Further Assumptions and
Calculations for this Study

Mitigation
Factor

Ventilation
strategies that
include
economizers
reduced
mechanical
system energy
consumption by
12–27% and
eliminated
5 hours of
absenteeism per
year.

Assume

21%

Hanninen &
Asikainen,
2013

Optimal
ventilation can
reduce health
risk by around
20% 38

None

20%

Baseline is existing
European (EU26)
buildings 2013. Health
risks addressed include
respiratory infection,
acute toxication, COPD,
cardio-vascular disease,
lung cancers, and
asthma

Fisk et al
2002

“If the increased
ventilation leads
to a 10%

None

10%

Unsupported assumption
by an expert in IAQ and
health

Ben David et
al. 2017

Reported
Finding

•
•

Notes

% health cost reduction
= % absenteeism
reduction 35
base illness or injury
absenteeism = 1.3% 36 x
1,856 hr/yr 37 = 24 hr/yr

Mitigation factor = 5/24 = 21%

“Health costs” here are assumed to include full medical costs regardless of who pays. The literature did not specify
who (e.g., employer vs. employee) would be paying for these costs. The evaluation team is aware that for residential
NEI calculation, only out of pocket participant costs have been counted.
36 Absences from work of employed full-time wage and salary workers by occupation and industry (bls.gov)
37 Persons at work in agriculture and nonagricultural industries by hours of work (bls.gov) gives 38.7 average hours
per week regular hours for full time and part time workers. Assume 160 hours per year average vacation and holiday,
yields 1,857 regular hours per employee-year non-vacation/holiday.
38 This study gave three different scenarios for “optimal ventilation.” The first scenario (20% reduction in disease
caused by indoor exposures) assumes no changes in indoor or outdoor sources and only optimizes ventilation to find
a minimum health-weighted exposure level for all pollutants. The second option (38% reduction) assumes no
changes in indoor sources but applies variable levels of filtration to remove a part of the outdoor pollutants from
indoor air. The third option (44% reduction) applies first substantial controls on the existing major indoor sources of
exposures before finding the health-based optimum of ventilation. We leaned on the conservative side and used the
20% assumption, but it’s possible to argue that in some buildings (e.g., data centers), there would be a higher level of
filtration for the outside air. Another uncertainty is whether the level of outside air pollution in Europe, which this study
focuses on, would be much different than that in Massachusetts.
35
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reduction in
respiratory
infections…”

Source

Ben David
et al.
2017

Table 22: Health/Energy Ratios
(Ratio of Health NEI Value to Energy Savings Value) for Ventilation Improvements
Reported Findings

Ventilation strategies that included
economizers reduced mechanical
system energy consumption by 12–
27% and eliminated 5 hours of
absenteeism per employee per year

Further Assumptions and
Calculations for This Study

Health/
Energy
Ratio

Notes

Health benefit/Energy savings
value = (8.4+0.1)/1.7 = 5.0

5.0

Likely overstated.
Health/Energy ratio divides
health benefit by ventilation
system savings only. EMS
or RCx energy savings also
includes savings from
reduced use of other
systems, this would
overstate Health/Energy
ratio per unit of EMS or
RCx energy savings.

Applied MA 2021 average
energy prices to change in
energy.

1.8 to
4.2

May be over or
understated.

US-wide benefit of energy-oriented
improved ventilation in office
buildings:
Energy impact:
$1.7B
Reduced SBS symptoms $0.1B
Reduced absenteeism
$8.4B
Fisk et al
2004

Gas and electric usage and days of
sick leave with and without
economizer

Overstated: Source study
has negative gas savings,
economizer only. EMS
would include additional
positive savings, leading to
a lower Health/Energy ratio.

Applied average cost per missed
day from this study
Calculated ratio of avoided
absence value to combined gas
and electric savings MMBTU
value

Understated: Study
addresses sick leave only.
Higher value of the range
corresponds to lower
baseline ventilation rate.

Lu et al
2012

Energy, health care, and
absenteeism $ benefits per
employee for various deep energy
savings control strategies

Calculated ratios of combined
health and absenteeism benefit
to energy savings.

2.6

Not directly applicable to
typical EMS or RCx. Source
study is for analysis of deep
energy savings.
Total over multiple control
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and reduction measures
including heating, lighting,
economizer, and cooling
Source study health
benefits based on factors
from various Fisk studies.
Mills
2009

Commissioning costs total and net of
NEIs for 38 projects

Used individual values extracted
from the source’s published
graph in a spreadsheet provided
by Jen Chiodo.

0.33

Likely understated. Source
reported NEI includes all
NEI categories, but mainly
productivity and O&M
related, little related to
H&S. H&S benefit likely
understated by most
informants.

0.135

Likely understated. Source
reported NEI includes all
NEI categories, but mainly
productivity and O&M
related, little related to
H&S. H&S benefit likely
understated by most
informants due to their
unawareness of the full
range of possible NEIs.

0.115

Likely understated. Study
focused more on NEIs

Average (Total NEI)/
Average (Project cost) = 0.89
Estimated Energy-only B/C ratio
= 0.81
Total NEIs/Energy Ratio = 1.10
H&S Benefit/Total NEIs = 0.30
Health/Energy Ratio = 0.33

Mills et al
2004

(Retro) Commissioning costs and
benefits for 224 buildings. 10 were
existing buildings with reported NEIs

Assume:
•

17% IAQ
5% productivity/safety
21% thermal comfort

Thermal comfort is not a
H/S effect, relates more
to productivity captured
in prior non-O&M study

•

“Productivity/safety” is ½
safety

Energy savings $0.26/Sf-year

•

IAQ benefit is all health
related

Median NEIs $0.18/SF-year
•
•
•

Therefore, the reported NEIs are
19.5% H/S related
Health/Safety NEI per SF is
therefore
= 19.5% x ($0.18/SF-year)
= $.035/SF-year
Health/Energy ratio is therefore
$.035/SF-year/($0.26/SF-year)
= 0.135
Tso et al

For building commissioning, indirect
impacts on design, construction,

Assume:
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2003

operations, occupants = $0.23/SFyear
• Improved IAQ value = 7% of
indirect impacts
• Improved occupant comfort =
28%
Energy benefit
$0.14/SF-year

of

RCx

was

•

Thermal comfort is not
an H/S effect, relates
more to productivity
captured in prior nonO&M study

•

IAQ benefit is all health
related

associated with costs for
design/construction and
operations

IAQ mitigation value is then:
Health/Safety NEI per SF
= 7% x $0.23/SF-year
= $0.016/SF-year
Health/Energy ratio is therefore
= ($0.016/SF-year)/($0.14/SFyear)
= 0.115

Mitigation Factor
Based on the values in .
Table 21 (excluding Fisk et al), a mitigation factor of approximately 20% is reasonable for
ventilation control strategies. That is, when ventilation is addressed, the performance of EMS is
assumed to mitigate health costs and absences by 20%. However, not all EMS projects include
ventilation control. Based on the data summarized in Figure 1 above, we assume that 75% of
these installations include ventilation control, leading to an average mitigation factor of 15%
(75% * 20%). Applying this factor to medical costs for asthma, COPD, and other acute
respiratory illness, as well as to missed time for all respiratory illness, leads to an EMS H&S NEI
benefit of $13.64/MMBTU, or $1.36/therm via the mitigation factor method. This is comparable
to the customer value of an avoided therm at $1.20, with a Health/Energy ratio of 1.1.
Health/Savings Ratio
Table 23 summarizes the comprehensiveness of each of the estimates. The Ben David et al.
study provides a value for reduced Sick Building Syndrome that is a small fraction of the value
of reduced absenteeism. This study is specific to ventilation improvement. Thus, the
Health/Energy ratio from this study is reasonable for ventilation alone but overstated in terms of
the ratio of NEI to energy savings value for projects involving a mix of control measures.
The Fisk et al. study includes absenteeism but not health costs, a slight understatement of H&S
costs. This study has only economizer savings in the denominator of the ratio, an overstatement
similar to that from the Ben David study, although there are also ventilation benefits of EMS not
limited to economizers. The higher values from the Fisk et al. study are for low baseline
ventilation rates which may not be representative of baseline conditions for current buildings.
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The Lu et al. study has the highest value but may be the least directly relevant to typical EMS
performance, since its subject is extreme deep retrofits. The Mills, Mills et al, and Tso et al.
studies likely understate H&S benefits, as noted in .
Table 21, and might be considered as lower bounds.
The last column in Table 23 shows that two sources likely overstated the H&S NEIs, two
sources likely understated the H&S NEIs, and two may be over or under. In summary, the
evidence was reasonably balanced.
Working from the values based on Ben David et al. and Fisk et al., we develop a Health/Energy
factor relative to the average mix of end uses addressed by multiplying the values in Table 23
by the ratio of ventilation savings to total energy savings. The programs currently do not count
EMS savings for lighting controls. In consultation with DNV engineers, we assume that
ventilation-related savings account for roughly 25% of EMS savings. The resulting
Health/Energy ratios are 1.25 for the value derived from Ben David et al., and 0.45 to 1.05 for
the value derived from Fisk et al. Based on these results, together with the Mills 2009 “lower
bound” indicated, a Health/Energy ratio in the range of 0.5 to 1.0 is reasonable for EMS.

Table 23: Factors included in Health/Energy Ratios

Source

Ben David
et al.

End Uses
Included

Health/
Energy
Ratio

Includes
all EMS
energy
savings
benefits?

Includes
mitigated
absenteeism?

Includes
mitigated
health
care
costs?

Isolates
health
from other
benefits?

Likely
Over or
Under
Estimate
for H&S
NEI?

Ventilation

5.0

No

Yes

Yes

Yes

Over

Economizer

1.8 to
4.2

No

Yes

No

Yes

Unclear

Heating,
cooling,
lighting,
economizer

2.6

Roughly

Yes

Yes

Yes

Unclear

Mixed

0.3

Roughly

Implicitly

Implicitly

No

Under

Mixed

0.135

Roughly

Implicitly

Implicitly

Roughly

Under

Mixed

0.115

Roughly

Implicitly

Implicitly

Roughly

Under

2017
Fisk et al
2004
Lu et al
2012

Mills
2009
Mills et
2004

al

Tso et
2003

al

1.3.3.3 Comparison with Deemed BCR Values
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Table 24 provides the deemed values in the 2021 BCR tool for EMS for gas and electricity, in
$/therm and $/kWh, respectively, as well as in common units per MMBtu. In common units the
deemed values range from a low of $6.75/MMBtu to a high of $33/MMBtu. Also shown in the
table is the NEI value calculated using the Mitigation Factor, which has the same value for both
fuels.

Table 24: Comparison of H&S NEI Estimates with Deemed Values

Fuel Type

Measure

Deemed
H&S NEI

Gas

EMS $0.675/
therm*

Electric- end
use2 EMS

EMS

Electricenduse2
HVAC

EMS

Deemed
H&S NEI
$/MMBTU

Mitigation
Factor NEI
$/MMBTU

Deemed NEI
Equivalent
Health/Energy
Ratio

Suggested
Reasonable
Health/Energy
Ratio Range

$6.75

$13.64

0.56

0.5 to 1

$0.111/
kWh**

$32.53

$13.64

0.65

0.5 to 1

$0.044/
kWh**

$12.90

$13.64

0.26

0.5 to 1

*Exhibit Eversource Energy-5 (Revised) - BCR Model (12-21-21) NSTAR Gas
**Exhibit Eversource Energy-5 (Revised) - BCR Model (12-21-21) Electric

The deemed values in common units are notably different by fuel. This difference arises in part
because electric costs on a delivered MMBTU basis are roughly four times the gas costs. In
turn, the cost differential, in part, reflects the source energy required for a given quantity of
delivered electricity.
These issues might be resolved in part by expressing the NEIs on a combined source rather
than site MMBTU basis: that is, roughly speaking, to multiply electricity by a factor of three
before summing gas and electric savings. That approach would create its own problems.
The gas-electric differences in deemed values also presumably reflect differences between the
two fuels in the equipment types treated by EMS. Recognizing that, another approach would be
to develop separate NEI factors for gas and electricity. This approach would reflect the different
types of energy and non-energy benefits that EMS produces for the two fuels. The sources
identified and the methods applied here for developing the NEI estimates do not directly support
this approach.
The table above also indicates the deemed value equivalent Health/Energy ratio, based on
average commercial rates for gas and electricity. These values are in line with the suggested
reasonable range. The electric HVAC EMS value is on the low side. This is reasonable if EMS
applications classified as HVAC end use2 include less ventilation control compared to those
classified as enduse2 = EMS.
To support generalizability of results to other measure groups, we recommend using a single
value for ventilation-related impacts, to be blended with other high-level classifications based on
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the measure type. Based on the factors derived from the Ben David et al. and Fisk et al. studies
we recommend a ventilation-related Health/Energy ratio of 3. For EMS and RCx, whose savings
are estimated to be 25% ventilation-related on average, this translates to a measure
Health/Energy ratio of 0.75. At the indicated average commercial rates ($1.20/therm,
$0.17/kWh), this translates to an NEI value of $0.90/therm for gas and $0.128/kWh for
electricity. These calculations are summarized in Table 25.
On the gas side, an increment is added for mitigated combustion issues related to boilers, per
our July 22, 2022, boilers and chillers memo. That memo found a value of $0.029/therm for
boiler measures. Assuming 20% of an average EMS or RCx project savings is related to boiler
operations, we add 20% x $0.029/therm, which adds up to a total NEI value of $0.906/therm.
Both the mitigation factor and the health/energy index have merits as methods for estimating the
H&S NEI values for EMS. The evaluation team opted for the health/energy index method to
produce the H&S NEI values for this measure.

Table 25: Recommended NEI Values for Ventilation-Related Impacts
Fuel

Ventilation
general

Measure

health/savings Ventilation %
ratio
savings
Gas
Electricity

3
3

25%
25%

average price
$

per

Measure
Ventilation
NEI
$
Per

$1.20 Therm $0.900 Therm
$0.17 kWh
$0.128 kWh

1.3.4 Retrocommissioning
This subsection describes how the evaluation team derived the H&S NEI estimates for the
retrocommissioning (RCx) measure. The method was very similar to the one described above
for the EMS measure.

1.3.4.1 Literature review

The evaluation team preliminarily reviewed 190 studies that appeared to meet the study’s
inclusion criteria related to RCx, asthma and other respiratory illnesses impacted by IAQ. Of
those studies, we fully reviewed 42 after deeming the abstracts to be relevant to the study’s
research objectives. We determined eight studies to be useful in meeting the study’s research
objectives after a full review. we reviewed these eight studies in parallel with eight studies
deemed relevant for EMS H&S NEI calculations due to applicability for both measures. Table 26
shows a full list of useful studies for EMS and RCx.

Table 26: Studies Useful for Calculation of EMS/RCx H&S NEIs

Study Name

Using co-simulation between
EnergyPlus and CONTAM to
develop IAQ and energy-centric

Study Authors

Source

Alonso, Dols, Mathisen, 2019

National
Institute of
Standards and

Applicable
Measure
EMS/RCx
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demand-controlled
ventilation systems

Technology

Assessing the Energy and
Indoor-PM2.5-Exposure Impacts
of Control Strategies for
Residential Energy Recovery
Ventilators

Zhong, Wu, Ridley, 2020

Journal of
Building
Engineering

EMS/RCx

Advanced, Integrated Control for
Building Operations to Achieve
40% Energy Saving

Lu, Yan, Song, Zhen,
Loftness, Vivian, Ji, Kun,
Zheng, Sam, Lasternas,
Bertrand, Marion, Flore, and
Yuebin, Yu, 2012

US DOE

EMS/RCx

Economic Benefits of an
Economizer System: Energy
Savings and Reduced Sick Leave

Fisk, Seppanen, Faulkner,
Huang, 2004

LBNL

EMS/RCx

Indoor Air Quality and Energy
Management Through Real-Time
Sensing in Commercial Buildings

Kumar, Martani, Morawska,
Norford, Choudhary, Bell,
Leach, 2016

Energy
Buildings

Indoor Air Quality Engineering

Heinsohn, Cimbala, 2003

Google
Scholar

Data Driven Indoor Air Quality
Prediction in Educational
Facilities Based on IoT Network

Tagliabue, Cecconi, Rinaldi,
Crinbini, 2021

Energy
Buildings

Efficient Reduction of Indoor
Exposures. Health Benefits from
Optimizing Ventilation, Filtration,
and Indoor Source Controls

Hanninen & Asikainen, 2013

Google
Scholar

EMS/RCx

Energy Efficiency Programs in K12 Schools

U.S. EPA, 2011

EPA

RCx

Practical Diagnostics for
Evaluating Residential
Commissioning Metrics

Wray, Walker, Siegel,
Sherman, 2002

LBNL

RCx

Widening the Perspective: An
Approach to Evaluating the
Multiple Benefits of the 2030 EU
energy efficiency potential

Thema, Suerkemper,
Thomas, Teubler, Couder,
Mzavanadze, Bouzarovski,
Urge-Vorsatz, Chatterjee, von
Below, 2016

IEPEC

RCx

Determining the Total Costs and
Benefits of Commissioning Public

Tso, Skumatz, Cohan, 2003

IEPEC

RCx

and EMS

EMS
and EMS/RCx
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Buildings
The Cost Effectiveness of
Commercial Buildings
Commissioning

Mills, Friedman, Powell,
Bourassa, Claridge, Haasl,
Piette, 2004.

LBNL

RCx

Value of Commissioning: 2018
Market Survey

Building Commissioning
Association, 2018

Building
RCx
Commissioning
Association

Commercial building retrofitting:
Assessment of improvements in
energy performance and indoor
air quality

Alazazmeh & Asif, 2021

Cases Studies
in Thermal
Engineering

RCx

Mitigation Strategies for
Overheating and High Carbon
Dioxide Concentration within
Institutional Buildings: A Case
Study in Toronto, Canada

Tam, Zhao, Liao, Zhao, 2020

Buildings
(journal)

RCx

1.3.4.2 Developing H&S NEI Estimates for IAQ Impacts from RCx

To monetize NEI values for this measure impact pathway, the evaluation team reviewed the
studies gathered during the REA research process. We looked for studies that

1. Quantified the reduced illness associated with the performance of RCx in a building.
2. Quantified the reduced levels of indoor air pollutants with the performance of RCx in a
building.
3. Qualitatively indicated reduced illness associated with the performance of RCx in a
building.
4. Qualitatively indicated reduced levels of indoor air pollutants associated with the
performance of RCx in a building.
The strongest causal linkages we found between the RCx and EMS measures and IAQ were
related to ventilation. The literature review, as well as information from DNV’s senior engineers,
revealed several theoretical ways that RCx can improve ventilation and IAQ, including:
•

Verifying supply airflows: The RCx process can identify if there are insufficient supply
airflows to occupied zones. The RCx can also ensure that proper air change rates and
minimum ventilation rates are maintained per design documentation.

•

Verifying exhaust airflows: The RCX process can identify situations where exhaust
airflows are insufficient to remove source pollutants.

•

Verifying proper pressurization: The RCX process can determine whether building and
zone pressurization is being maintained at design conditions. This can prevent
unconditioned outside air from entering the building. It can also ensure that source
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contaminants are negatively pressured in relation to occupied spaces to prevent the
spread of pollutants.
•

HVAC equipment evaluation: The RCx process can check whether HVAC equipment is
working as designed, including whether fans, motors, belts, coils, filters, valves
actuators, dampers, etc. are performing effectively.

•

Equipment controls evaluation: The RCx process can check whether EMS as well as
local equipment controls are working as designed and programmed.

As was the case with EMS, specifying H&S NEI factors for RCx comes with a few challenges.
These include the fact that RCx can impact both gas and electricity equipment; that it can
impact multiple end-uses with different levels of savings and associated NEIs; and that the
health benefit from RCx depend on the baseline condition (e.g., how long ago, if ever, did the
customer last have RCx done).
Keeping these challenges in mind, we made the following assumptions:
1. The primary H&S benefit from RCx is associated with improved ventilation and the
associated mitigation of IAQ-related illnesses. Most of the literature the team reviewed
on the health benefits of control systems addressed ventilation.
2. When scaling NEIs for EMS and RCx in relation to energy savings, the combined gas
and electric MMBTU saved (at the site) can be used, so that a single relationship will
apply to both electricity and gas. This assumption is not perfect but allows sources that
analyze different fuels to be combined in a straightforward way. Most of the benefits in
the reviewed sources are related to heating and cooling control and economizers. The
same level of NEI would not be expected to apply to savings due to lighting controls.
Thus, this assumption might overstate electric NEI benefits relative to gas if electric
savings are dominated by lighting controls.
One suggestion from the PAs was to develop NEI factors related to ventilation on a persquare-foot basis rather than in relation to energy savings. Such a factor could be
applied to the square footage of space with improved ventilation. This approach would
allow scaling in relation to the magnitude of the primary NEI mechanism, rather than
relative to savings that combine ventilation benefits with heating, cooling, and lighting
controls. This separation could be particularly important if a ventilation improvement is
associated with reduced heating or cooling energy savings, rather than having NEI
values generally increase with savings.
As indicated below, the literature does provide some estimates of NEIs on a per-squarefoot basis, and we offer recommendations where these can be applied. However, the PA
tracking data does not currently include floorspace served by the measure, nor does it
identify how much of the savings is associated with ventilation management versus other
end uses. The savings-based NEI factors developed here are therefore meant to be
appropriate on average across the mix of installations, but may over- or under-state
effects for particular projects based on the mix of end uses addressed.
3. The extent to which general ventilation improvement measures mitigate negative health
impacts, and the relationships between health benefit and energy savings is roughly the
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same for the current program measures and baselines as for the cases reported in the
literature. That is, in effect we are borrowing results from other studies with whatever
baseline energy and ventilation conditions they had and applying these results to the
Massachusetts measures with whatever baselines they have. While this is an imperfect
assumption, we have little basis for adjusting the prior results. The broad assumption is
that the ventilation improvement measures are implemented where they are needed, not
in perfectly functioning buildings; that the savings reflect the combination of the amount
of space served by the measure and the degree of improvement achieved; and that
benefits scale with this combination.
One comment on the June 29, 2022, EMS memo raised the concern that if the presence
of EMS is assumed to provide all the potential health benefits, we would have difficulty
valuing the impact of commissioning (for example identifying EMS elements that require
repair or reset). The assumption is that if a facility receives an EMS in one year and RCx
in a later year, the savings and measure life from both are correctly determined, so that
the identified NEIs can apply to each for the defined EUL. If savings or measure life are
incorrect, that would need to be addressed outside this study.
To develop the RCx NEI, we employed two approaches.
1. Mitigation factor. As described in more detail in Section 3, we determined the base
incidence of illness per employee from national data, estimated the number of
affected employees in the participating businesses by scaling Massachusetts
employment in proportion to participant consumption, and determined (or assumed)
the percent reduction in illness rate associated with the presence of the measure.
The term referred to this in the June 3, 2022, memo as the “% reduction in incidence
when measure is present” or “% reduction in base incidence with measure.” (Table 4
of the June 3 memo). Here we refer to it as the Mitigation Factor.
2. Health/Energy ratio. With this approach, we determine a relationship between the
dollar value of H&S NEIs and the dollar value of the energy savings. The NEI
$/therm or $/kWh is simply a multiplier of the cost of energy. To apply this method,
when the energy savings themselves are provided in the study, we use the 2021
average commercial rates in Massachusetts from EIA, $0.17/kWh and $1.20/therm.
Table 27 summarizes the sources and results for the Mitigation Factor approach. The last row of
the table is a subjective expert estimate rather than being based on any analysis. It is included
as a rough order of magnitude sanity check on the other values listed.
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Source

Table 27: Mitigation Factors
(%Reduction in Illness Associated with Ventilation Improvements)

Ben David et
al. 2017

Reported
Finding

Ventilation
strategies that
include
economizers
reduced
mechanical
system energy
consumption by
12–27% and
eliminated 5 hours
of absenteeism
per year.

Further Assumptions
and Calculations for
this Study

Assume
•

•

Mitigation
Factor

Notes

21%

% health cost
reduction
=%
absenteeism
reduction 39
base illness or
injury
absenteeism =
1.3% 40 x 1,856
hr/yr 41 = 24
hr/yr

Mitigation factor = 5/24
= 21%
Hanninen &
Asikainen,
2013

Optimal ventilation
can reduce health
risk by around
20% 42

None

20%

Baseline is
existing European
(EU26) buildings
2013. Health risks
addressed include
respiratory
infection, acute
toxication, COPD,
cardio-vascular
disease, lung

“Health costs” here are assumed to include full medical costs regardless of who pays. The literature did not specify
who (e.g., employer vs. employee) would be paying for these costs. The evaluation team is aware that for residential
NEI calculation, only out of pocket participant costs have been counted.
40 Absences from work of employed full-time wage and salary workers by occupation and industry (bls.gov)
41 Persons at work in agriculture and nonagricultural industries by hours of work (bls.gov) gives 38.7 average hours
per week regular hours for full time and part time workers. Assume 160 hours per year average vacation and holiday,
yields 1,857 regular hours per employee-year non-vacation/holiday.
42 This study gave three different scenarios for “optimal ventilation.” The first scenario (20% reduction in disease
caused by indoor exposures) assumes no changes in indoor or outdoor sources and only optimizes ventilation to find
a minimum health-weighted exposure level for all pollutants. The second option (38% reduction) assumes no
changes in indoor sources but applies variable levels of filtration to remove a part of the outdoor pollutants from
indoor air. The third option (44% reduction) applies first substantial controls on the existing major indoor sources of
exposures before finding the health-based optimum of ventilation. We leaned on the conservative side and used the
20% assumption, but it’s possible to argue that in some buildings (e.g., data centers), there would be a higher level of
filtration for the outside air. Another uncertainty is whether the level of outside air pollution in Europe, which this study
focuses on, would be much different than that in Massachusetts.
39
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cancers, and
asthma
Fisk et al 2002

“If the increased
ventilation leads
to a 10%
reduction in
respiratory
infections…”

None

10%

Unsupported
assumption by an
expert in IAQ and
health

Table 28 provides the results for the Health/Energy Ratio approach. The tables include some
sources that were not discovered through the primary REA search process but were either
provided by experts or discovered through citations in either the REA or expert-provided
sources.

Table 28: Health/Energy Ratios
(Ratio of Health NEI Value to Energy Savings Value) for Ventilation Improvements

Source
Ben
David
et al.
2017

Reported Findings
Ventilation strategies
that included
economizers reduced
mechanical system
energy consumption
by 12–27% and
eliminated 5 hours of
absenteeism per
employee per year

Further Assumptions and
Calculations for This Study
Health benefit/Energy savings
value

Health/
Energy
Ratio

Notes

5.0

Likely overstated.
Health/Energy ratio
divides health
benefit by
ventilation system
savings only. EMS
or RCx energy
savings also
includes savings
from reduced use of
other systems, this
would overstate
Health/Energy ratio
per unit of EMS or
RCx energy
savings.

1.8 to

May be over- or

= (8.4+0.1)/1.7 = 5.0

US-wide benefit of
energy-oriented
improved ventilation in
office buildings:
Energy impact:
$1.7B
Reduced SBS
symptoms $0.1B
Reduced absenteeism
$8.4B
Fisk et al

Gas and electric

Applied MA 2021 average
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2004

usage and days of
sick leave with and
without economizer

energy prices to change in
energy.

4.2

Applied average cost per
missed day from this study
Calculated ratio of avoided
absence value to combined gas
and electric savings MMBTU
value

under-stated.
Overstated: Source
study has negative
gas savings,
economizer only.
EMS would include
additional positive
savings, leading to
a lower
Health/Energy ratio.
Understated: Study
addresses sick
leave only.
Higher value of the
range corresponds
to lower baseline
ventilation rate.

Lu et al
2012

Energy, health care,
and absenteeism $
benefits per employee
for various deep
energy savings control
strategies

Calculated ratios of combined
health and absenteeism benefit
to energy savings.

2.6

Not directly
applicable to typical
EMS or RCx.
Source study is for
analysis of deep
energy savings.
Total over multiple
control and
reduction measures
including heating,
lighting,
economizer, and
cooling
Source study health
benefits based on
factors from various
Fisk studies.

Mills
2009

Commissioning costs
total and net of NEIs
for 38 projects

Used individual values extracted
from the source’s published
graph in a spreadsheet provided
by Jen Chiodo.
Average (Total NEI)/

0.33

Likely understated.
Source reported
NEI includes all NEI
categories, but
mainly productivity
and O&M related,
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Average (Project cost) = 0.89

little related to H&S.
H&S benefit likely
understated by most
informants.

Estimated Energy-only B/C ratio
= 0.81
Total NEIs/Energy Ratio = 1.10
H&S Benefit/Total NEIs = 0.30
Health/Energy Ratio = 0.33
Mills et
al 2004

(Retro)
Commissioning costs
and benefits for 224
buildings. 10 were
existing buildings with
reported NEIs
Median NEIs
$0.18/SF-year
•
•
•

17% IAQ
5%
productivity/saf
ety
21% thermal
comfort

Energy savings
$0.26/Sf-year

Assume:
•

Thermal comfort is not a
H/S effect, relates more
to productivity captured
in prior non-O&M study

•

“Productivity/safety” is ½
safety

•

IAQ benefit is all health
related

0.135

Likely understated.
Source reported
NEI includes all NEI
categories, but
mainly productivity
and O&M related,
little related to H&S.
H&S benefit likely
understated by most
informants due to
their unawareness
of the full range of
possible NEIs.

0.115

Likely understated.
Study focused more
on NEIs associated
with costs for
design/construction
and operations.

Therefore, the reported NEIs
are 19.5% H/S related
Health/Safety NEI per SF is
therefore
= 19.5% x ($0.18/SF-year)
= $.035/SF-year
Health/Energy ratio is therefore
$.035/SF-year/($0.26/SF-year)
= 0.135

Tso et al
2003

For building
Assume:
commissioning,
• Thermal comfort is not
indirect impacts on
an H/S effect, relates
design, construction,
more to productivity
operations, occupants
= $0.23/SF-year
captured in prior non• Improved
IAQ
O&M study
value = 7% of
• IAQ benefit is all health
indirect impacts
• Improved occupant
related
comfort = 28%
IAQ mitigation value is then:
Energy benefit of RCx Health/Safety NEI per SF
was $0.14/SF-year

56

= 7% x $0.23/SF-year
= $0.016/SF-year
Health/Energy ratio is therefore
= ($0.016/SF-year)/($0.14/SFyear)
= 0.115

Mitigation Factor
Based on the values in Table 26 (excluding Fisk et al.), a mitigation factor of approximately 20%
is reasonable for ventilation control strategies. That is, when ventilation is addressed, the
performance of EMS is assumed to mitigate health costs and absences by 20%. However, not
all EMS projects include ventilation control. Based on the data summarized in Figure 1 above,
we assume that 75% of these installations include ventilation control, leading to an average
mitigation factor of 15% (75% * 20%). Applying this factor to medical costs for asthma, COPD,
and other acute respiratory illness, as well as to missed time for all respiratory illness, leads to
an EMS H&S NEI benefit of $13.64/MMBTU, or $1.36/therm via the mitigation factor method.
This is comparable to the customer value of an avoided therm at $1.20, with a Health/Energy
ratio of 1.1.
Health/Savings Ratio
Table 28 summarizes the comprehensiveness of each of the estimates. The Ben David et al.
study provides a value for reduced Sick Building Syndrome that is a small fraction of the value
of reduced absenteeism. This study is specific to ventilation improvement. Thus, the
Health/Energy ratio from this study is likely reasonable for ventilation alone but overstated in
terms of the ratio of NEI to energy savings value for projects involving a mix of control
measures.
The Fisk et al. study includes absenteeism but not health costs, a slight understatement of H&S
costs. This study has only economizer savings in the denominator of the ratio, an overstatement
similar to that from the Ben David study, although there are also ventilation benefits of EMS not
limited to economizers. The higher values from the Fisk et al study are for low baseline
ventilation rates which may not be representative baseline conditions for current buildings.
The Lu et al. study has the highest value but may be the least directly relevant to typical EMS
performance since its subject is extreme deep retrofits. The Mills, Mills et al, and Tso et al
studies likely understate H&S benefits, as noted in Table 28, and might be considered as lower
bounds.
The last column in Table 29 shows that two sources likely overstated the H&S NEIs, two
sources likely understated the H&S NEIs, and two could be either. In summary, the evidence
was reasonably balanced.
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Working from the values based on Ben David et al and Fisk et al, we develop a Health/Energy
factor relative to the average mix of end uses addressed by multiplying the values in Table 29
by the ratio of ventilation savings to total energy savings. The programs currently do not count
EMS savings for lighting controls. In consultation with DNV engineers, we assume that
ventilation-related savings account for roughly 25% of EMS savings. The resulting
Health/Energy ratios are 1.25 for the value derived from Ben David et al, and 0.45 to 1.05 for
the value derived from Fisk et.al. Based on these results, together with the Mills 2009 “lower
bound” indicated, a Health/Energy ratio in the range of 0.5 to 1.0 is reasonable for EMS.

Table 29: Factors included in Health/Energy Ratios

End Uses
Included

Health/
Energy
Ratio

Includes
all EMS
energy
savings
benefits?

Includes
mitigated
absenteeism?

Includes
mitigated
health
care
costs?

Isolates
health
from
other
benefits?

Likely Over
or Under
Estimate
for H&S
NEI?

Ventilation

5.0

No

Yes

Yes

Yes

Over

Economizer

1.8
4.2

No

Yes

No

Yes

Over
Under

2012

Heating,
cooling,
lighting,
economizer

2.6

Roughly

Yes

Yes

Yes

Unclear

Mills

Mixed

0.3

Roughly

Implicitly

Implicitly

No

Under

Mills et al
2004

Mixed

0.135

Roughly

Implicitly

Implicitly

Roughly

Under

Tso et al
2003

Mixed

0.115

Roughly

Implicitly

Implicitly

Roughly

Under

Source
Ben David
et al.
2017
Fisk et al
2004
Lu et al

to

or

2009

1.3.4.3 Comparison with Deemed BCR Values

Table 30 provides the deemed values in the 2021 BCR tool for RCx, for gas and electricity, in
$/therm and $/kWh, respectively, as well as in common units per MMBtu. In common units the
deemed values range from a low of $15/MMBtu for RCx gas to a high of $82/MMBtu for RCx
electric. Also shown in the table is the NEI value calculated using the Mitigation Factor, which
has the same value for both fuels. As noted above, the Mitigation Factor NEI $/MMBtu for RCx
is likely over-stated.
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Fuel
Type

Table 30: Comparison of H&S NEI Estimates with Deemed Values

Measure

Deemed H&S
NEI

Deemed
H&S NEI
$/MMBTU

Mitigation Deemed H&S
Factor
NEI
NEI
Equivalent
$/MMBTU Health/Energy
Ratio

Suggested
Reasonable
Health/Energy
Ratio Range

Gas

RCx

$1.439/therm*

$14.39

$60.21

1.20

0.5 to 1

Electric

RCx $0.28/kWh**

$82.06

$60.21

1.64

0.5 to 1

*Exhibit Eversource Energy-5 (Revised) - BCR Model (12-21-21) NSTAR Gas
**Exhibit Eversource Energy-5 (Revised) - BCR Model (12-21-21) Electric

The deemed values in common units are notably different by fuel. This difference arises in part
because electric costs on a delivered MMBTU basis are roughly four times the gas costs. In
turn, the cost differential, in part, reflects the source energy required for a given quantity of
delivered electricity.
These issues might be resolved in part by expressing the NEIs on a combined source rather
than site MMBTU basis. That is, roughly speaking, to multiply electricity by a factor of 3 before
summing gas and electric savings. That approach would create its own problems.
The gas-electric differences in deemed values also presumably reflect differences between the
two fuels in the equipment types treated by RCx. Recognizing that, another approach would be
to develop separate NEI factors for gas and electricity. This approach would reflect the different
types of energy and non-energy benefits that RCx produces for the two fuels. The sources
identified and the methods applied here for developing the NEI estimates do not directly support
this approach.
The table above also indicates the deemed value equivalent Health/Energy ratio, based on
average commercial rates for gas and electricity. These values are in line with the suggested
reasonable range.
As already described in more detail in the prior EMS section, to support generalizability of
results to other measure groups, we recommend using a single value for ventilation-related
impacts, to be blended with other high-level classifications based on the measure type. Based
on the factors derived from the Ben David et al. and Fisk et al. studies above, we recommend a
ventilation-related Health/Energy ratio of 3. For EMS and RCx, the savings of which are
estimated to be 25% ventilation-related on average, this translates to a measure Health/Energy
ratio of 0.75. At the indicated average commercial rates ($1.20/therm, $0.17/kWh), this
translates to an NEI value of $0.90/therm for gas and $0.128/kWh for electricity. These
calculations are detailed in above.
On the gas side, an increment is added for mitigated combustion issues related to boilers, per
our July 22, 2022, boilers and chillers memo. That memo found a value of $0.029/therm for
boiler measures. Assuming 20% of an average EMS or RCx project savings is related to boiler
operations, we add 20% x $0.029/therm, which adds up to a total NEI value of $0.906/therm.
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Both the mitigation factor and the health/energy index have merits as methods for estimating the
H&S NEI values for RCx. The evaluation team opted for the health/energy index method to
produce the H&S NEI values for this measure.

1.3.5 Lighting Controls
This subsection describes how the evaluation team derived the H&S NEI estimates for the
lighting controls measure.

1.3.5.1 Literature Review

Due to budgetary and timing constraints, the evaluation team did not use the REA process for
reviewing studies for the lighting controls measure. The evaluation team limited its searches to
the four sources that had proven to be the most productive in previous searches (Google
Scholar, PubMed, Science Direct, LBNL). We also did not score the sources for relevancy and
robustness.
For the lighting controls measure, the evaluation team preliminarily reviewed 334 studies that
appeared to meet the study’s inclusion criteria related to lighting controls, less-frequent lamp
replacement and injuries from ladder falls, lighting quality and depressive symptoms, and
lighting quality and fatigue. Of these 334 studies, we fully reviewed 45 after deeming the
abstracts as relevant to the study’s research objectives. After a full review, we determined that
11 studies were useful in meeting the study’s research objectives. Table 31 shows a full list of
useful studies for the Lighting Controls measure category.

Table 31: Studies Useful for Calculating Lighting Controls NEIs
Study Name
Identification of Safety Risks for HighPerformance Sustainable Construction
Projects
Natural Light and Productivity:
Analyzing the Impacts of Daylighting on
Students’ and Workers’ Health and
Alertness
Saving Energy by Maximizing Daylight
and Minimizing the Impact on
Occupants: An Automatic Lighting
System Approach
Luminaire Level Lighting Controls
Replacement vs Redesign Comparison
Study
Lighting up Living Spaces to Improve
Mood and Cognitive Performance in
Older Adults
Cloud-Based Lighting Control Systems:
Fatigue Analysis and Recommended
Luminous Environments
The Influence of Integrative Lighting on
Sleep and Cognitive Functioning of Shift
Workers During the Morning Shift in An

Study Authors

Source

Fortunato, Halloweel, Behm,
Dewlaney, 2012

Journal of Construction
Engineering and Management

Shishegar, Boubekri, 2016

International Conference on
"Health, Biological and Life
Sciences"

Papinutto, Boghetti, Colombo,
Basurto, Reutter, Lalanne,
Kampf, Nembrini, 2022

Energy and Buildings

Mahic, Kline, Northcutt, Den
Wymelenberg, 2020

University of Oregon Energy
Studies in Buildings Laboratory

Shishegar, Boubekri, 2022

Science Direct

Choi, Choi, & Sung, 2022

Science Direct

Van de Putte, Kindt, Bracke,
Stevens, Vansteenkiste,
Vandevivere, Ryckaert, 2022

Science Direct
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Assembly Plant
Building Value Proposition for
Interactive Lighting Systems in the
Workplace: Combining energy and
occupant perspectives
Enriching Lighting Design
Circadian Photobiology: An Emerging
Framework for Lighting Practice and
Research
Lighting Matters in Industrial
Environments

Kim, Wang, McCunn, 2019

Science Direct

Brawley, 2009

NeuroRehabilitation

Rea, Figueiro, Bullough, 2002

Lighting Res. Technology

Jayawardena, Duffy, Manahan,
2017

IEEE Industry Applications
Magazine

1.3.5.2 Developing H&S NEI Estimates for Lighting Controls

To monetize NEI values for these measure impact pathways, the evaluation team reviewed the
studies gathered during the literature review process. We looked for studies that

1. Quantified the frequency, scenarios (e.g., for what purpose the person ascended the
ladder), and costs of ladder falls

2. Quantified the reduced number of lamp replacements due to lighting controls
3. Quantified the reduction in depressive symptoms due to improved lighting quality
4. Quantified the reduction in fatigue due to improved lighting quality
In addition, we looked for studies that provided qualitative information on these possible
impacts.
The causal mechanism for lighting controls reducing injuries is by reducing the amount of time
that lights are on, thereby extending the life of the lighting equipment and reducing the
frequency with which lamps/fixtures need replacement. Reducing the frequency of lamp/fixture
replacement reduces the number of times that building staff or contractors need to ascend
ladders or use scissor lifts, thus reducing the number of times that they fall off ladders or lifts.
The causal mechanism for lighting controls reducing depressive symptoms is by increasing the
quality of light. This might include bringing more daylight into the working spaces, aligning
lighting schedules with natural circadian rhythms, reducing the incidence of burnt out/flickering
lamps, and, in some cases, increasing light levels. However, a key consideration is whether a
given lighting control actually improves the quality of the lighting vs. simply turning off or
dimming lighting when spaces are unoccupied.
To develop the NEIs for lighting controls we used mitigation factors. As explained in more detail
in Section 3, to develop mitigation factors we determined the base incidence of illness or injury
per employee from national data, estimated the number of affected employees in the
participating businesses by scaling Massachusetts employment in proportion to participant
consumption, and determined (or assumed) the percent reduction in injury or illness rate
associated with the presence of the measure. When we refer to the “mitigation factor” here what
we mean is the percent reduction in incidence when the measure is present, also referred to as
the “percent reduction in base incidence with the measure.”
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Below we describe how we derived the mitigation factors for injuries related to ladder falls and
for major depressive symptoms
1.3.5.2.1 Reduced Ladder Falls
Lighting controls can reduce the frequency of ladder falls by increasing lamp life. Longer lamp
life means less frequent ladder climbs to change out lamps.
To calculate the effect of longer lamp life on ladder climbs, we used the change in underlying
equipment life reported by respondents to the lighting controls portion of the 2021 O&M NEI
study. These respondents indicated an average of 13.2 years for the underlying equipment life
absent the controls and 17.8 years with the controls, a 35% increase. We calculated a
preliminary estimate of the change in frequency of ladder climbs for lamp service calculated as
(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝐸𝐸𝐸𝐸𝐸𝐸 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=
(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝐸𝐸𝐸𝐸𝐸𝐸 𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

100%
135%

= 74% .

The corresponding mitigation factor would be
Preliminary mitigation factor
= 100% - 74%
= 26%.
This preliminary factor is somewhat generous. While most survey respondents reported longer
equipment life with the controls, DNV engineers noted that, depending on the control
mechanism, lamps with controls may require more frequent ladder climbs for service other than
lamp or ballast replacement. Such lamp service could include adjusting temperature or tuning to
maintain brightness as the lamp degrades over time. One engineer estimated that the frequency
of these incremental ladder climbs for tuning and maintenance of the lighting controls would
range from every one year to every three years, depending on building/application type.
(Industrial facilities would need more frequent maintenance.) This potential was not noted by the
O&M survey respondents when they reported on annual maintenance costs.
To account for this fact, we reduced the preliminary calculation somewhat and applied a
mitigation factor of 20%. This factor results in an NEI value of $0.54/MMBtu for the combined
effects of reduced absence and reduced medical care for ladder falls.
1.3.5.2.2 Mitigated Depressive Symptoms
There is extensive literature documenting that good lighting levels and quality can mitigate
depressive symptoms, and conversely that poor lighting can exacerbate such symptoms. The
one study we found that quantified this effect reported that “1,000 lux lighting provided during
the day from 9:00 AM to 6:00 PM of itself reduced...symptoms of depression by 19%,” (Brawley,
2009). However, it’s not clear to what extent lighting controls are being used to raise lighting
levels from what they would otherwise be. Savings related to controls are generally due to
sensors reducing lighting operation when space is unoccupied or when daylight is available, or
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high-end trimming. There may well be situations where the controls are used to reduce lighting
levels in occupied spaces.
We assume that installing lighting controls leads to therapeutically meaningful increases in
lighting levels about 3% of the time. This is based on considering the following evidence:
•

The team’s review of the lighting controls projects in the 2020 Massachusetts C&I program
tracking data found that 5% of the projects (on a savings-weighted basis) mentioned
daylighting. However, some of these projects also listed other types of lighting controls
besides daylighting controls. Therefore, the claimed energy savings of these projects cannot
be solely attributed to the daylighting controls.

•

The team asked two DNV senior engineers with extensive experience with C&I lighting to
estimate the % of currently installed lighting controls that improve lighting quality versus just
turning off/down lighting when spaces are unoccupied. One engineer put this estimate at 05% and the other estimated less than 1%. These engineers observed that lighting controls
which can improve lighting quality can be very expensive. They noted that tunable products,
whether white or full color spectrum, require multi-channel drivers. One observed that
lighting controls with white tunable drivers are currently selling for as much as $135 per
fixture. They also observed that the effectiveness of daylighting controls depends on
whether the buildings in which they are installed are designed to maximize daylighting.

In an October 7, 2022 meeting the evaluation team and PA and EEAC representatives
discussed this evidence and agreed to the 3% estimate mentioned above. The mitigation factor
applied is thus 19% x 3% = 0.57%. With a mitigation factor of 0.57%, the NEI for mitigated
major depressive symptoms is $12.97/MMBTU.
1.3.5.2.3 Combined Lighting Controls NEI
Combining the benefits of avoided ladder falls and mitigated depressive symptoms, we have a
value of $13.51/MMBTU for lighting controls, or $0.046/kWh.

1.3.5.3 Comparison with Deemed BCR Values

The deemed H&S NEI values assigned for C&I lighting controls are $0.035/kWh for new
buildings and for new and replacement equipment, and $0.042/kWh for retrofit. The value
developed in the analysis presented above ($0.046/kWh) is slightly greater than the higher end
of the range of deemed values.

1.3.6 Building Envelope
This subsection describes how the evaluation team derived the H&S NEI estimates for the
building envelope measure.

1.3.6.1 Literature Review

Due to budgetary and timing constraints, the evaluation team did not use the REA process for
reviewing studies for the building envelope measure category. The evaluation team limited its
searches to the four sources that had proven to be the most productive in previous searches
(Google Scholar, PubMed, Science Direct, LBNL). We also did not score the sources for
relevancy and robustness.
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For the building envelope measure category, the evaluation team preliminarily reviewed 182
studies that appeared to meet the study’s inclusion criteria related to building envelope,
insulation, IAQ and asthma, and IAQ and respiratory illness. Of these 182 studies, we fully
reviewed 29 after deeming them to be relevant to the study’s research objectives. We
determined nine of these studies to be useful in meeting the study’s research objectives after a
full review. Table 32 shows a full list of useful studies for the Building Envelope measure
category.
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Table 32: Studies Useful for Calculation of Building Envelope NEIs
Study Name

Study Authors

Source

Review of Some Effects of Climate Change on Indoor
Environmental Quality and Health and Associated NoRegrets Mitigation Measures

Fisk, 2015

LBNL

Investigation of Indoor Air Quality Determinants in a Field
Study Using Three Different Data Streams

Thomas, Calderon, Senick,
Sorensen-Allacci, Plotnik, Guo,
Yu, Gong, Andres, Mainelis,
2019
W.H.O. Europe, 2009

Building and
Environment

Matthaios, Kang, Wolfson,
Greco, Gaffin, Hauptman,
Cunningham, Petty, Lawrence,
Phipatanakul, Gold, Koutrakis,
2022
Kukadia & Upton, 2019

Environmental
Health
Perspectives

J. Taylor, C. Shrubsole,M.
Davies, P. Biddulph,P.Das,I.
Hamilton, S. Vardoulakis,A.
Mavrogianni, B. Jones,E.
Oikonomou, 2014
Lumpkin, Horton, Sinfield, 2020

Indoor Air

Fabian, Adamkiewicz, Stout,
Sandel, Levy, 2013

J Allergy Clin
Immunol

Lopez-Aparicio, Smolik,
Maskova, Souckova, Grontoft,
Ondrackova, Stankiewicz, 2011
Ji, Duanmu, Liu, Dong, 2020

Building and
Environment

Ten Questions Concerning Green Buildings and Indoor
Air Quality

Steinemann, Wargocki,
Rismanchi, 2017

Building and
Environment

Indoor Air Quality in Sustainable, Energy Efficient
Buildings

Persily, Emmerich, 2012

HVAC&R
Research

WHO Guidelines for Indoor Air Quality: Dampness and
Mould
Factors Influencing Classroom Exposures to Fine
Particles, Black Carbon, and Nitrogen Dioxide in InnerCity Schools and Their Implications for Indoor Air Quality
Ensuring Good Indoor Air Quality in Buildings
The Modifying Effect of the Building Envelope on
Population Exposure to PM2.5 from Outdoor Sources

Holistic Synergy Analysis for Building Subsystem
Performance and Innovation Opportunities
A Simulation Model of Building Intervention Impacts on
Indoor Environmental Quality, Pediatric Asthma, and
Costs
Relationship of Indoor and Outdoor Air Pollutants in a
Naturally Ventilated Historical Building Envelope
Air Infiltration Rate of Typical Zones of Public Buildings
Under Natural Conditions

W.H.O.

Google
Scholar

Building and
Environment

Sustainable
Cities and
Society

1.3.6.2 Developing H&S NEI Estimates for the Building Envelope

To monetize NEI values for these measure impact pathways, the evaluation team reviewed the
studies gathered during the literature review process. We looked for studies that
1. Quantified the impacts of illness associated with adding insulation or tightening the
building envelope
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2. Quantified the impacts on indoor air pollutants of adding insulation or tightening the
building envelope
In addition, we looked for studies that provided qualitative information on these possible impacts
The causal mechanisms by which building envelope improvements impact indoor air quality are
complex. Tightening the building envelope might reduce the infiltration of outdoor air pollution
sources while at the same time increasing the concentration of indoor air pollution sources. Air
infiltration itself can be impacted by many factors, such as meteorological parameters,
architectural structure, and infiltration pathways.
A key consideration is whether the tightening is done in buildings where ventilation systems are
properly maintained and operating as designed. As noted earlier, a 2017 CPUC study found that
only 59% of the economizers inspected in the field were functional. In addition, the U.S. EPA
BASE study, which measured ventilation rates in 100 randomly selected U.S. office buildings,
found many cases in which measured supply and outdoor airflow rates were quite different from
their design values. 43
To develop the NEIs for the building envelope measure we used mitigation factors. As we
explained in more detail in Section 3, to develop mitigation factors we determined the base
incidence of illness per employee from national data, estimated the number of affected
employees in the participating businesses by scaling Massachusetts employment in proportion
to participant consumption, and determined (or assumed) the percent reduction in injury or
illness rate associated with the presence of the measure. When we refer to the “mitigation
factor” here what we mean is the percent reduction in incidence when the measure is present,
also referred to as the “percent reduction in base incidence with the measure.”
Conversations with external experts as well as review of the available literature indicate that the
effect of building envelope efficiency measures may be either beneficial or detrimental to health,
depending on how the overall project is designed and implemented. While it is possible to
produce positive health benefits by implementing envelope measures, these benefits are
uncertain without specific attention to designing for IAQ improvement and protection. Moreover,
the benefits may not materialize as designed. As noted by Persily and Emmerich (2012),
While good system design and installation are critical, if the system is not well operated
and maintained, the actual ventilation performance can be quite different from design.
Such differences can lead to less outdoor air intake than the design specifies or more
outdoor air intake, with the former potentially degrading IAQ and the latter increasing
energy use. The frequent occurrence of ventilation system operation that is quite
different from design was highlighted by the results of the U.S. EPA BASE study, in
which ventilation rates were measured in 100 randomly selected U.S. office buildings
(Persily and Gorfain 2008). That study showed many cases in which measured supply
and outdoor airflow rates were quite different from their design values. However, it

43 Persily, A. and J. Gorfain (2008). Analysis of Ventilation Data from the U.S. Environmental Protection Agency
Building Assessment Survey and Evaluation (BASE) Study, Gaithersburg, MD: National Institute of Standards and
Technology.
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should be noted that in many buildings the design values could not be located, which
reflects additional maintenance-related concerns.
The table below provides key excerpts from the literature. Given these findings, we recommend
a value of 0 be assigned for envelope H&S NEIs.
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Authors,
Year
Rana
Elnaklah, Ian
Walker,
Sukumar
Natarajan,
2021

Table 33: Excerpts from Literature Envelope Measures and Health Factors
Title

Source

Excerpt

Moving to a
green
building:
Indoor
environment
quality,
thermal
comfort and
health

Building and
Environment

“Moving from conventional building to green building may not automatically
guarantee a significant improvement in occupant satisfaction of indoor
environment quality.”

Volume
191, 15
March 2021,

“Despite the green building complied with standards recommended ranges of
thermal conditions and indoor CO2 concentration levels, 23% of occupants
experienced sick building syndrome symptoms.”
“The percentage of occupants who experienced fever and flu symptoms has
increased 10% after moving to the green building.”

Statistically significant differences in thermal conditions, positively biased

towards the GB, were observed across the move, and this enhanced occupant
thermal comfort. Surprisingly, no significant improvement in occupant
perception of air quality, visual and acoustic comfort was detected after
moving to the GB, while odor, mental concentration, and glare were perceived
to be poor in the GB and associated with an increase in the prevalence of SBS
symptoms.

Underhill,
L.J., Milando,
C.W., Levy,
J.I., Dols,
W.S., Lee,
S.K. and
Fabian, M.P.
(2019)

Simulation of
indoor and
outdoor air
quality and
health impacts
following
installation of
energyefficient
retrofits in a
multifamily
housing unit

Building and
Environment

For a modeled gas-heated midrise multifamily building in Boston, MA,
weatherization retrofits without ventilation or filtration retrofits led to household
health costs that far exceeded energy savings… In contrast, weatherization
coupled with ventilation and filtration retrofits resulted in large savings

Anne
Steinemann ,
Pawel
Wargocki,
Behzad
Rismanchi,
2017

Ten questions
concerning
green
buildings and
indoor air
quality

Building and
Environment
112

…the building envelope quality and tightness, as well as type of ventilation,
can affect the migration of pollutants between indoors and outdoors, and
energy-efficient systems can improve or impair IAQ depending on outdoor air
quality.

WHO

WHO
Guidelines for
Indoor Air
Quality
Dampness
and Mold

World Health
Organization
2009

…most moisture enters a building in incoming air, including that infiltrating
through the building envelope or that resulting from the occupants’ activities
…
Well-designed, well-constructed, well-maintained building envelopes are
critical to the prevention and control of excess moisture and microbial growth.
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…
Several widely acknowledged global trends contribute to the conditions
associated with increased exposure to dampness and mold:
•
•
•
•

energy conservation measures that are not properly implemented
(tightened building envelopes, ventilation deficits, improper insulation);
urbanization (migration, building type and density, urban degradation,
housing availability and social inequity);
climate change (increasing frequency of extreme weather conditions,
shifting of climate zones);
and the quality and globalization of building materials and
components, construction concepts and techniques.

These conditions increase the risks of adverse health effects due to biological
contaminants of indoor air.
…
Building envelopes and air cleaning appear to provide some protection from
outdoor air pollutants (Hänninen at al., 2004).
…
The airtightness of the building envelope, floors and partition walls, which
affect the pressure conditions, should be defined at the design stage, by
taking into account both temperature and wind conditions. The pressure
relationships should be confirmed in the commissioning of a building and may
be recommissioned periodically to ensure that deterioration of building
components or shifting due to thermal, wind or seismic forces has not
degraded the envelope tightness or other pressure-critical components.
…
Table 3. Methods for controlling moisture in new buildings with better building
codes
…
Improve thermal insulation of building envelope to increase indoor
surface temperatures to prevent condensation in cold and moderate
climates.
…
Use mechanical exhaust ventilation in warm and moderate climates;
tighten building envelope to prevent excess ventilation.
Andrew
Persily

Energy
Efficiency and
Indoor Air
Quality:
Conflict or
Compatibility?

University of
Pittsburgh
CEE
Graduate
Seminar
Pittsburgh,

Strategies for Energy and IAQ
Energy strategies that may degrade IAQ
§ Less outdoor air
§ More thermal insulation
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PA

§ Higher efficiency cooling equipment

November
30, 2018

Energy neutral IAQ strategies
§ Moisture management
§ Contaminant source control
§ Improved building cleaning and maintenance
§ Integrated pest management
Strategies that can help both
§ Heat recovery ventilation
§ Demand controlled ventilation
§ Economizer operation
§ Dedicated outdoor air systems
§ Displacement ventilation
§ Task ventilation/occupant control
§ Natural/hybrid ventilation
§ Envelope tightness
§ Air distribution system tightness
§ Enhanced particle filtration
§ Gas air cleaning; less OA
§ Source control; less OA
§ O&M/Recommissioning

1.3.6.3 Comparison with Deemed BCR Values

Table 34 summarizes the deemed H&S NEI values for C&I building envelope measures. As
described above, this study recommends assigning a value of 0 for these measures.
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Table 34: Deemed H&S NEI Values for C&I Envelope Measures

C&I Core Initiative

Existing Building Retrofit

Measure

End Use

Air Sealing (Residential End Envelope
Use)

Elec NEI
Value
$/kWh

Gas NEI
Value
$/therm

$0.010

$0.161

Insulation (Residential End Use
New Buildings and Major Comprehensive
Renovations
Custom

Design

– Envelope

$0.052

$0.161

Existing Buildings Retrofit

Design

– Envelope

$0.056

$0.161

Comprehensive
Custom

1.3.7 Custom Measures
This section describes how the evaluation team approached assigning H&S NEIs to custom
projects in the previous study (2021 O&M and Non-O&M Study) and in this study.

1.3.7.1 Previous Approach

It is always challenging to assign NEIs to custom measures because the program tracking data
often does not provide details of the specific technologies that a given custom project is using.
In the 2021 O&M and Non-O&M Study the evaluation team broke the custom measures into
several custom measure categories. Table 35 shows these measure categories separately for
both Custom Electric and Custom Gas.
The team consulted with senior engineers who had conducted evaluations of the Massachusetts
custom programs for many years to determine the typical mix of measures in each custom
measure category. The team also worked with these engineers to determine to which measurespecific O&M and non-O&M NEIs to apply to the custom measure category. In some cases, the
custom measure category was homogeneous enough to allow for an easy mapping of a
measure-specific NEI. In other cases, the measure category contained a diversity of measures
which required blending measure-specific O&M and non-O&M NEIs to produce the NEIs for the
measure category.
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Table 35: O&M/Non-O&M NEI Study
Custom Measure Categories

Custom Measure
Category

Category Code

Custom Electric
CHP/Cogen

E-C-CHP/Cogen

HVAC

E-C-HVAC

Lighting

E-C-Lighting

Motors and Drives

E-C-Motors and Drives

Refrigeration

E-C-Refrigeration

Other

E-C-Other

Custom Gas
Building Envelope

G-C-Building Envelope

HVAC

G-C-HVAC

Water Heater

G-C-Water Heater

Other

G-C-Other

1.3.7.2 Current Approach

In the current C&I H&S NEI study, the evaluation team’s starting point was the measure mix that
the most recent Massachusetts custom impact evaluations had identified. We then mapped the
most-relevant C&I H&S NEIs to these measures.
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Table 36 shows the measure mix from the full population of the PY 2019 Massachusetts
Custom Gas Program and our mapping of the H&S NEIs to these custom gas measures.
The team marked most of the measures as having H&S NEI’s that are “undetermined” because
we did not believe any of H&S NEIs that we calculated in the current study were good matches
for these measures. Even though the BCR tool will treat these NEIs as zeroes, the team
recommends that notes be added to the tool to distinguish these “undetermined” zeroes from
the evaluated zeroes such as the one the team applied to the building shell measure.
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Table 36: Measure Mix from Full Population of
PY 2019 Massachusetts Custom Gas Program 44
End Use

Measure
Aerators and spray
valves

Hot Water

HVAC 45

Savings
(therms)

% of Total

Relevant
H&S NEI
($/therm)
Undetermined

1

1,457

0.02%

Custom

13

30,375

0.32%

Undetermined

DHW

16

22,750

0.24%

Undetermined

HE washer

3

9,787

0.10%

Undetermined

Low-flow
showerheads

1

221

0.00%

Pipe insulation

58

791,411

8.40%

Hot Water Total

92

856,000

9.09%

Boiler

71

652,228

6.92%

$0.029 46

Building shell

186

213,333

2.26%

$0

Controls

142

1,236,355

13.12%

Undetermined

Custom

61

478,058

5.07%

Undetermined

Furnace

7

39,202

0.42%

$0.029

Heat

26

137,552

1.46%

Undetermined

Heat recovery

14

420,840

4.47%

Undetermined

Other

23

192,558

2.04%

Undetermined

Pipe insulation

60

216,716

2.30%

Undetermined

590

3,586,842

38.07%

Custom

36

741,868

7.87%

Undetermined

Equipment, controls

15

765,080

8.12%

Undetermined

HVAC Total
Process

Number of
Projects

Undetermined
Undetermined

The source is Table 2-2 from the Stage 3 work plan for Massachusetts Impact Evaluation of PY2019 Custom Gas
Installations (MA20C13-G-CUSTGAS) which was issued in November 25, 2020. This sample frame does not contain
any comprehensive design assessment (CDA) or combined heat and power (CHP) projects. It also does not contain
any projects whose savings total less than 1,000 therms.
45 While it is possible that some EMS or RCx measures are contained in the HVAC measure category, we were
unable to isolate them based on the subcategories in this table. There is a subcategory called “Controls” but our
review of the most recent custom gas impact evaluation report found no mention of EMS/RCx measures and the only
controls evaluated in that report were boiler controls.
46 This is the current C&I H&S NEI estimate for boilers.
44
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End Use

Number of
Projects

Measure
Food Service

Laundry

2

Savings
(therms)

% of Total

4,740

0.05%

Relevant
H&S NEI
($/therm)
Undetermined

Regenerative
thermal oxidizer

2

523,672

5.56%

Undetermined

Process Total

55

2,035,361

21.60%

HE dryer

4

10,092

0.11%

Undetermined

Other

2

7,971

0.08%

Undetermined

Ozone

3

12,485

0.13%

Undetermined

Laundry Total

9

30,548

0.32%

Steam
Traps

149

1,280,397

13.59%

Undetermined

Other

58

1,632,613

17.33%

Undetermined

Total

962

9,421,761

100%

The team then assigned H&S NEI values to the custom measure categories it had created for
the O&M and non-O&M study (Table 35) so that the H&S NEI values can be aligned with the
O&M and non-O&M NEIs. In the case of the Custom HVAC measure category, we took the
savings-weighted average of the H&S NEIs in this measure category using the weights from
Table 36.

Table 37: NEIs Mapped to Custom Gas Measure Categories

Custom Measure
Category

Category Code

Assigned H&S NEI Value
($/therm)

Building Envelope

G-C-Building Envelope

$0

HVAC

G-C-HVAC

$0.022

Water Heater

G-C-Water Heater

Undetermined

Other

G-C-Other

Undetermined

The evaluation team could not find a detailed sample frame for the Massachusetts Custom
Electric program similar to the one we found for the Massachusetts Custom Gas program (Table
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36). 47 However, the team did locate a table showing the evaluated Custom Electric projects
(Table 38).

Table 38: Reviewed Measures for the PY2019-2020 Custom Electric Program
Measure
Description

Other
Compressed air
EMS
HVAC system 48
Chillers
Transformer
VFD
Process
Motors
Refrigeration
Building Shell
Overall

Number of
Measures
4
7
6
7
2
3
1
4
2
1
1
38

Annual
Weighted
Tracked Savings
(kWh)
7,724,197
6,147,993
4,488,933
2,982,093
1,070,131
950,367
292,285
234,550
213,470
87,480
18,831
24,210,331

Assigned H&S
NEI Value
($/kwh)

Undetermined
Undetermined
$0.128
$0.128
$0
Undetermined
Undetermined
Undetermined
Undetermined
Undetermined
$0

Table 39 shows our proposed H&S NEIs for the Custom Electric measure categories. In the
case of the Custom HVAC measure category, we took the savings-weighted average of the
H&S NEIs in this measure category using the weights for EMS, HVAC system, and Chillers from
Table 38. In the case of the Custom Lighting measure category, we used the estimated H&S
NEI for lighting controls shown earlier in this report.

The sample frame in the PY 2019-2020 Custom Electric evaluation Stage 3 plan was not disaggregated at the
measure level but rather at the Evaluation Study Population Group level (e.g., Lighting – Summer Dependent, NonLighting Summer Dependent, etc.).
48 While the report did not provide much detail on these “HVAC” projects, the few project details indicated that the
majority of these involved either retrocommissioning (RCx) projects or some other reprogramming of the HVAC
controls.
47
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Table 39: NEIs Mapped to Custom Electric Measure Categories

Custom Measure
Category

Category Code

Assigned H&S NEI Value
($/kWh)

CHP/Cogen

E-C-CHP/Cogen

Undetermined

HVAC

E-C-HVAC

$0.112

Lighting

E-C-Lighting

Undetermined

Motors and Drives

E-C-Motors and Drives

Undetermined

Refrigeration

E-C-Refrigeration

Undetermined

Other

E-C-Other

Undetermined

One limitation of the approach described in this memo is that the H&S NEIs proposed in this
Custom HVAC measure category are derived from sales weighting from a single Custom
Electric evaluation and a single Custom Gas evaluation. It is possible that in future versions of
these programs, the measure mix in the Custom HVAC measure categories could be different –
e.g., fewer chillers and more EMS measures. In such a case, the H&S NEIs for Custom HVAC
would be different from those calculated here. It would be up to the EEAC and the PAs to
decide whether they would want to recalculate these H&S NEIs every time the HVAC measure
mixed changed, or instead rely on the 2019 – 2020 “snapshot” used here.
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2

Section 2

Research Methods

This section describes the methods we used for both the REA literature review and monetizing
the NEIs.

2.1 THE REA METHOD
The general approach consisted of the following steps.
1. Formulate the research questions that the REA will answer: This step included formulating
the primary questions that the review addressed as well as secondary questions that
contribute to building up the evidence surrounding the primary questions. For example, for
the boiler measure, these questions included:
A. Whether there was qualitative evidence linking higher boiler efficiency to a reduction
in illness incidence
B. If qualitative evidence existed for link A., whether there was information quantifying
the reduced illness associated with a given improvement in boiler efficiency
C. Whether there was qualitative evidence linking higher boiler efficiency to reduced
levels of indoor air pollutants and
D. If qualitative evidence existed for link C, whether there was information quantifying
the reduced levels of indoor air pollutants.
2. Define inclusion criteria: This step involved putting boundaries on the dates of publications
and the types of studies to include (for example, experimental and quasi-experimental
studies, meta-analyses, or studies using stated/revealed preference techniques). The
criteria applied for the boiler measure are listed in Table 40 below.
3. Specify strategies for a structured search: This step included defining the keywords,
databases, and sources to be used in the research (e.g., federal government reports and
data, academic literature and white papers, conference proceedings, and evaluation reports)
and documenting the search process so that it is transparent, verifiable, and reproducible.
Table 41 shows keywords that were used early in the research process (these were later
supplemented with additional keywords). Table 42 below shows the search locations the
team used. In most cases, the databases sorted the sources by relevancy using keyword
frequency as a measure of relevancy.
4. Select the studies: This step involved reviewing all abstracts which appeared to meet the
study’s inclusion criteria and then reviewing the full studies for the abstracts that turned out
to be relevant to the study’s research objectives.
5. Critically appraising the evidence: This step used two criteria: 1) Robustness: the robustness
of the research in terms of the rigor of the methods and/or the size of the experimental
samples, and 2) Relevancy: whether the information is sufficiently relevant to the research
objectives. In this step, the evaluation team assigned both a relevancy and robustness
quantitative score to each piece of evidence, as follows:
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A. Robustness: The scoring template, published by the Department for Environment
Food & Rural Affairs, determines robustness by categorizing research into 49:
•

Quantitative Experimental

•

Quantitative Observational

•

Qualitative Studies

•

Economic Studies

•

Reviews, e.g., literature reviews, systematic reviews, etc.

Within each template, the evaluation team scored individual variables using a 3point system to derive an overall robustness score. Variables included specific
questions that address the general approach, methodology, synthesis, analysis,
reporting, and summary objectives.
B. Relevancy: The evaluation team developed relevancy questions to ascertain
research pertinence to the specific pathway and objective identified. Relevancy
questions include but are not limited to: applicability to the pertinent pathway,
building type, date of publication, and geographical information, and are similarly
scored on a 3-point scale.
6. Extract information and data: This step included identifying and summarizing in a table the
research findings and other key information from the short list of selected studies.
7. Synthesize the evidence: In this step the evaluation team applied the REA scoring outcome
to the usefulness of the evidence for the NEI causal mechanism and monetization
pathways. The evaluation team reviewed the characteristics of the evidence base, what the
evidence indicates, and whether the evidence is sufficient to meet the study research
objectives.

49

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/560521/Production
_of_quick_scoping_reviews_and_rapid_evidence_assessments.pdf
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Table 40: Inclusion Criteria for C&I Health & Safety Study
Criteria
Dates of publications
Types of studies

Study geography

Study populations

Include
• 2000 or after
• Experimental
• Quasi-experimental
• Non-experimental
• Survey research
• Meta analysis
• Program evaluation
• Cohort (Longitudinal) studies
• Rigorous modeling/simulations
• Material officially sponsored by a
professional, public, private organization, or
government agency
• Literature reviews
• Quality improvement
• Program or financial evaluation
• Case reports
• Medical cost research
• Rigorous economic/econometric analysis
• Theoretical or conceptual studies
foundational to empirical research
• United States
• Geographies comparable to Massachusetts
in terms of climate, heating fuels, economic
development, or building stock.
Commercial or industrial facilities and
establishments
Household and individuals (more limited) 50

Exclude
Prior to 2000
• Unpublished research

Geographies not meeting
any of the comparability
criteria
Household and individual
studies not focused on IAQ

50 While this study focuses on the C&I sector, there is much useful information on residential IAQ-related health
impacts and their costs that we would not want to ignore just because the findings may not be totally transferable to
the C&I workspace.
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Table 41: Keywords for C&I Health & Safety Study Structured Search
Category
1. Keywords related to the
measure

2. Keywords related to the
effect on premise
environment

3. Keywords related to H/S
impact on occupants

Keywords
• EMS
• Energy Management System
• BMS
• BAS
• HVAC
• Boiler
• Chiller
• Furnace
• RCx
• Retrocommissioning
• Commissioning
• Pipe insulation
• Lighting
• Building envelope
• Insulation
• Cooking equipment
• Motors
• Drives
• IAQ
• Indoor air quality
• Noise level
• High temperature exposure
• Less frequent lamp replacement
• Lighting quality
• Asthma
• Respiratory illness
• Hearing loss
• Burns
• Stress
• Reduced injuries from ladder falls
• Depressive symptoms
• Fatigue
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Table 42: Search Locations for C&I Health & Safety Study
Category

Locations

Locations for peer reviewed evidence

• Google Scholar
• JSTOR
• PubMed
• Science Direct
• Scopus

Locations for other sources

Locations for other evidence
(websites of key organizations)

• U.S. DOE
• E Source DSM Evaluation Library
• OSHA
• ACEEE
• Calmac
• CEE
• NYSERDA
• Mass Save
• NREL
• LBNL
• IEPEC
• IEA
• WHO
• OECD
• Harvard School of Public Health
• BU School of Public Health

2.2 THE MONETIZATION METHOD
This section describes the evaluation team’s general approach for monetizing the NEI
estimates.

2.2.1 Mitigation Factor Method
With this method, the evaluation team
•

Determined a base incidence of a health/safety impact from national published sources
such as OSHA data.

•

Determined scaling factors based on state level consumption and employment and
participant consumption. These factors account for the affected population in the
facilities where the measures were implemented

•

Determined the mitigation factor, that is, the percent reduction in base incidence
associated with the presence of the measures. This factor was determined based on the
literature that provided quantitative impacts.

•

Multiplied together the base incidence, the scaling factors, and the mitigation factor, and
dividing by the total measure savings to produce the NEI value, in $/MMBTU, also
converted to $/kWh and $/therm.
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The following algebraic equation describes the standard calculation:
NEI$/savings
= (Cost per incident)
x (Base incidents per employee-year)
x (Number of employees affected by presence of measure)
x (% reduction in incidence when measure is present)
/(measure savings)
• Cost per incident is derived from the literature
• Base incidents per employee-year is calculated as
US annual incidents (from CDC or OSHA),
/ number of US employees in applicable businesses (from Census)
• Number of employees affected by the presence of the measure is estimated as:
Massachusetts employment in applicable business types
X (PA C&I consumption)/(MA C&I consumption)
X (consumption of measure participants)
/(total PA consumption for the applicable business types)
• Mitigation Factor is the percent reduction in incidence when measure is present is based
on the available literature
Measure savings is derived from PA tracking data
Table 43 summarizes the general formulation. The calculation involves a long chain of factors
and scaling. In the impact-specific calculations, the units of each element as well as the level of
aggregation (US, state, etc.) are specified for each element. With these explicit units, we have
cross-checked via dimensional analysis that the final results are in the desired units and the
scaling is consistent.

Table 43: Monetization Calculation
Term
NEI $/Unit Savings
Cost ($/incident)
Base incidence # per year
# employees in U.S. in business
Base incidence # per employee
MA Total Employees in applicable
MA C&I consumption
PA overall C&I consumption
PA C&I consumption of applicable
Consumption of measure group
# employees affected by
% reduction in base 51 incidence
Measure savings

51

Notation
V
C
Ibus
Eus
Ri/e
EMA
UMA
UPA
UPAb
Um
Em
G
Sm

Source
C x Ri/e x Em x G/Sm
Literature
CDC or OSHA
Census
Ibus/Eus
Census
EIA SEDS
EIA SEDS
Profile data: Consumption
Profile data: Tracking and
EMA x Um/(UMA x
Assumptions
Profile data: Tracking

Operation
=
x

x

x
x
/

This is also referred to in this report as the “mitigation factor.”
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2.2.2 Health/Energy Ratio Method
For some measures, the available literature did not provide a basis for developing a quantitative
mitigation factor but did provide dollar values of both energy and health/safety impacts for
relevant measure installations. In this case, the health/energy ratio was calculated as the ratio of
health and safety cost benefits to energy cost savings. This ratio ($H&S/ $energy $) was then
multiplied by to the current value of avoided energy ($/kWh, $/therm) to derive a health and
safety NEI in $/kWh or $/therm.

2.3 MEASURE PRIORITIZATION METHOD
The evaluation team initially prioritized which energy-efficient measures and impact pathways it
studied based on a five-point scoring system. Table 44 shows this prioritization. The team later
made some adjustments to this prioritization. For example, it divided the generic HVAC category
into separate boiler and chiller pathways.

Table 44: Prioritization of Measure Category/Effect/Impact Pathways
Measure/
Measure
category

Effect

Impact

Using
deemed
values

Relationship
linkage

Directional
linkage

Measure
categories
of EEAC/PA
interest

Total
score

1

High
potential
H&S NEI
rating
from
vendors
1

EMS

Productivity

IAQ/Asthma

1

1

1

EMS

Productivity

Sick leave

1

1

1

1

1

5

HVAC

Productivity

IAQ/Asthma

1

1

1

1

1

5

HVAC

Health

IAQ/Asthma

1

1

1

1

1

5

HVAC

Productivity

Sick leave

1

1

1

1

0

4

HVAC

Health

Hearing
Loss

1

1

0

1

1

4

Lighting

Health

Decreased
Ladder Falls

1

1

1

1

0

4

RCx

Productivity

IAQ/Asthma

1

1

0

1

1

4

Lighting

Health

Decreased
General
Injuries

1

1

1

1

0

4

Lighting

Productivity

Depressive
symptoms

1

1

1

1

0

4

Building
Envelope

Productivity

IAQ/Asthma

1

1

0

1

1

4

Cooking
Equipment

Productivity

IAQ/Asthma

1

1

1

0

0

3

5
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HVAC

Health

Burns

1

1

0

1

0

3

Lighting

Productivity

Decreased
Occupant/
Worker
Fatigue

1

1

0

1

0

3

Cooking
Equipment

Health

Burns

1

1

0

0

0

2

Pipe
Insulation

Health

Burns

0

1

0

1

0

2

Motors/Drives

Safety

Reduced
Noise

0

1

0

0

0

1

The first three columns describe the measure category/effect/impact pathways that comprise
each type of NEI:
1. Measure categories/Measures: For the sake of consistency, the measure categories
(and in some cases, measures) are those that the EEAC/PAs and the evaluation team
agreed to use for the previous C&I NEI study (2021 O&M and Non-O&M NEI Study
[MA20X10-B-CIOMNEI]).
2. Effect: This shows the type of non-energy effect (e.g., productivity, heath, etc.).
3. Impact: This shows the type of impact, such as use of sick leave or indoor air quality
health or productivity impacts.
The next five columns show the criteria on which we rated each type of NEI.
4. Using deemed values: A “1” in this column indicates that the PAs’ BCR tool currently
contains deemed H&S NEI values for this measure category or measure. This
assessment is based on preliminary research that the EEAC/PAs conducted in 2021.
The EEAC and the PAs have emphasized that a priority of this study is to confirm,
disconfirm, or change these deemed values.
5. Relationship linkage: A “1” indicates that our literature review found an underlying
linkage between the measure category or measure and the associated effect.
6. Directional linkage: A “1” indicates that the literature supported and defined an increase
or decrease in the effect as a direct result of the measure category or measure.
7. Measure categories of interest to EEAC/PAs: During their comments on the Stage 3
work plan, and in subsequent email communications, the EEAC and PAs identified
certain measure categories or measures that they wanted the evaluation team to
prioritize for research. NEI types in these measure categories or measures are marked
with a 1 in this column.
8. High potential H&S NEI rating from vendors: The previous C&I NEI study asked
equipment vendors to rank the impacts of the new energy-efficient equipment on human
health using a scale of -3 to +3, where -3 indicated a significant adverse H&S impact
compared to the standard equipment, 0 indicated there were no H&S impacts, and +3
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indicated significant positive impacts from the high-efficiency equipment. A score of “1"
in this column indicates that the NEI type received a positive score of at least 1.5 from
the equipment vendors in the previous study. 52
The final column shows the sum of the ratings for each NEI type.

Had there been any negative scores of -1.5 or less (e.g., more negative), we would also have scored these as a 1.
However, there was only one measure with a negative score and that one was barely less than 0 (-0.3).

52
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3

Section 3

Assessment of the REA Process

The evaluation team used the REA process to effectively review a variety of sources logically
and methodically, rather than taking a more ad hoc approach that might have been employed
absent the REA process. The evaluation team found over the course of the evaluation that there
were a handful of websites (Google Scholar, PubMed, Science Direct, and LBNL) which yielded
the most relevant and useful results. Later in the study timeline, with approval from the PAs the
team limited its searches to these more productive websites. In the future, it may be beneficial
to keep in mind that most of the useful results came from targeted searches at specific sites.
Additionally, as an extension of the REA process, the evaluation team often captured literature
relevant to the causal pathway by reviewing new sources cited by the studies identified through
the initial REA searches. The team also discovered new and more targeted search terms
through the initial REA searches that it later used to obtain sources relevant to the causal
mechanism, and in some cases, the monetary pathway. Future efforts may benefit from
reviewing of fewer results from the initial search effort and instead leaning more heavily on
“following the trail” of useful literature, which becomes clearer after the initial searches are
reviewed.
Through the REA scoring process, the evaluation team scrutinized the validity of studies as
factually as possible while minimizing bias. The relevancy and robustness scoring framed the
process in such a way that we prioritized studies objectively and analytically, though at times we
needed to add our own scoring criteria which was more suitable to this specific research effort.
In the future, evaluation teams may wish to develop scoring mechanisms which are informed, in
part, by previous REA literature, but are more specific to the research being conducted for a
particular measure.
The biggest hurdle that the evaluation team faced related to the REA process was the time it
took to complete the searches, review each title, check for duplicate results, and score the
relevant sources. With more time, an automated search process could ultimately cut down on
the time it takes to scrape the search engines with keywords and de-duplicate search titles.
For this study we faced a broad set of technical issues that needed to be investigated in a
relatively short period. We often found that the most useful information came not from the REAbased literature review but instead from conversations with internal and external experts or from
literature reviews that were directed at narrower research questions such as how to quantify or
monetize H&S impacts. Future efforts may benefit from a review of fewer results from the initial
search effort and instead lean more heavily on “following the trail” of useful literature which
becomes clearer after the initial searches are reviewed.
Future research efforts would also benefit from an approach where the evaluation team could
contact the authors of the most relevant studies to get their perspectives on the researchable
questions as well as recommendations on further reference materials or contacts. It would also
be useful to vet the preliminary findings from the literature review with internal and external
experts.

87

