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Utility incentive programs are an important channel to support the deployment of energy efficiency in
buildings. To date, these programs have largely been limited to single-component strategies. However,
many utilities are now motivated to identify and develop multi-component system retrofits to achieve
deeper energy savings, which are essential to achieving broader energy and greenhouse gas reduction
goals in the buildings sector. In this paper we present the energy savings, demand reductions, and
cost-effectiveness of 16 systems retrofit packages in six utility regions in the United States. These results
are being used by these utilities to inform and develop incentive programs for systems retrofits. Our anal-
ysis shows that packages with proven lighting and HVAC measures can provide 5–22% whole building
annual energy savings, and 13–22% annual energy costs savings, using utility incentive program baselines
(code and existing building). The packages are reasonably cost effective for replace-on-burnout but gen-
erally not for a retrofit scenario prior to end of equipment life. Demand response can increase both the
energy savings and energy cost savings, further improving the cost effectiveness of these packages. We
analyzed the impact of using existing building vs. code baselines for calculating savings, showing that
the choice of baseline in developing utility incentive programs has a substantial impact on the attributa-
ble energy savings to a program, with significant implications for the overall viability of a program (gen-
erally savings against existing building condition are higher and improve project and program cost-
effectiveness).
Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
1. Introduction

1.1. Motivation and background

Energy efficiency in buildings remains an important strategy to
achieve local, state and federal energy related policy goals, such as
the U.S. government’s target of a net zero energy economy by 2050
[47]. Energy efficiency (EE) savings continue to be an important
contributor to reducing greenhouse gas (GHG) emissions, and must
grow significantly in order to achieve GHG reduction targets [29].
However, EE deployment in buildings overall lags the timeline
for these goals, and strategies are needed to deepen energy savings
cost effectively. U.S. utilities are an important channel to support
the deployment of EE strategies through customer incentive pro-
grams. Designed to motivate customers and improve the cost
effectiveness of EE upgrades, utility incentive programs are a large
driver for EE upgrades in U.S. buildings, and contributed to $5.6
billion in energy cost savings in 2018 alone [15]. Utility programs
represent a significant investment in efficiency, predicted to reach
$9.5 billion annually by 2025 [7].

Utility customer incentive programs have historically been
focused on single component strategies, but multi-technology sys-
tems retrofits can provide substantially higher savings by working
to leverage interactive effects or systems integration approaches
[40,45]. In a previous effort, a set of utility partners worked to iden-
tify and deploy three system technology packages, achieving 49–
82% greater energy savings compared to a standard component-
based retrofit baseline [41]. Packaging multiple energy efficiency
measures together strategically deepens energy savings by reduc-
ing overall internal and solar gains, reducing required HVAC sys-
tem capacities and energy use. An integrated multi-measure
efficiency retrofit can improve whole building energy savings by
as much as 50% compared to just replacing single pieces of equip-
ment [40]. However, one study indicated that only 9% of the pro-
jects in reviewed custom incentive programs (programs that
allow for multiple measures but do not require integrated measure
approaches) targeted system retrofits where the involved mea-
sures supported each other for deeper savings whether through
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interactive effects, or by collectively deepening the savings of an
end use system [39]. It was more commonly the case that if a cus-
tom program did involve multiple technologies, they were dis-
parate and not connected at the system level (e.g. separate
lighting and domestic hot water measures), thus not creating the
deeper energy savings found in integrated solutions. Utility custom
incentive programs may offer an administrative approach for cus-
tomers to implement multiple measures and receive an incentive
for them; however here the onus is on the customer to develop this
package of measures, contrary to the streamlined approach that
utilities offer for single measure incentives where they offer
greater degrees of measure identification and specification. Some
utilities [33,43] have shown motivation to identify and deploy
systems-level retrofits for their customers but the authors were
not able to identify any other utility programs that offered a pack-
age of integrated energy efficiency measures, specifically designed
to deepen energy savings through integration.

1.2. Research questions and goals

Utilities are looking toward multi-measure packages as they see
dwindling savings occur through their existing single measure pro-
grams due to developments such as the increased saturation of
efficient LED lighting in buildings and the growing stringency of
energy codes which increases minimum efficiencies of installed
equipment. Because of the energy savings potential of systems ret-
rofits, there is a desire to enable package sets of EE measures
within current utility program frameworks, which currently lean
heavily towards lighting and HVAC. Generally utilities have lacked
the information needed to identify specific systems-based retrofit
strategies that save significant energy, and further lack the cost
information to support the business case for deployment.

The question this study seeks to address is: what are the energy
and cost saving potentials of multi-technology building systems
retrofits that are assembled from energy efficiency measures
(EEMs) that are readily available for utility program development?
These EEMs would include technologies and controls that are
accessible and deployable from current utility incentive program
trade allies (e.g. lighting distributors, HVAC contractors), and have
demonstrated previous acceptance as single measures in utility
incentive programs, thus laying the groundwork for regulatory
approvals of package incentives.

The goal of the research presented here is to produce useful ref-
erence information on the energy saving potential and cost effec-
tiveness of different system packages in the context of utility
programs, quantified in a way that is useful to utilities in their
efforts to develop multi-technology systems retrofit programs. This
goal was addressed through development of multi-technology sys-
tem package concepts using existing and vetted EEMs, computer
simulation of commercial building energy performance including
with the system packages implemented, and analysis of the cost
effectiveness of the packages. This study also explores how the
energy and cost performance for these packages varies for different
U.S. climate zones and utility rates, and depending on which base-
line assumptions are made.

1.3. Further literature review

We find limited academic work on development of multi-
technology EE packages, and specifically in the context of utility
programs packages, energy simulation of packages, or the type of
cost analysis as done here. More work in the packaged systems
EE retrofits space has been done in the domain of public policy
and efficiency advocacy organizations (for example non-
governmental organizations and alliances). For example, opportu-
nities for systems-level efficiency improvements are identified as
2

dwarfing component-based approaches in [12]. The Alliance to
Save Energy (ASE) also recommends that utilities promote EE
rebate programs with integrated project design across end-use sys-
tems and that commercial buildings pursue ‘‘deep energy retrofits”
conceptually consistent with systems-level multi-technology
packages [1]. [48] defines ‘‘deep retrofits” in commercial buildings
as integrated retrofit projects involving multiple building systems
(windows, HVAC, envelope, and lighting given as examples) that
cost effectively achieve at least 50% energy savings, and finds over
two billion m2 of eligible commercial building space in the US. The
potential for higher energy savings from multi-technology pack-
ages has also been confirmed by the previously-cited Regnier and
Sherman studies, but the area of research is still under-explored.
[34] presents integrated system retrofit packages for commercial
buildings for deeper energy savings, designed for deployment dur-
ing routine real estate lifecycle events, including promising energy
savings validation through lab tests for a multi-technology package
with lighting, plug load, interior shading and HVAC controls mea-
sures. From analysis of a large dataset for high performance build-
ings, [31] finds that increased numbers of efficient technologies in
a building does not always correlate to lower energy usage inten-
sity, concluding that achieving high performance requires inte-
grated design across technologies.

[22] and [28] have evaluated the cost of energy saved in EE pro-
gram implementation from the utility perspective, finding costs
that compare very favorably to the levelized cost of energy from
generation and delivery, but this work is generalized across pro-
gram portfolios regionally and nationally and does not address
multi-technology systems concepts and costs as found herein.
The gap between energy efficiency technology adoption given the
proven value, in other words the apparent underinvestment in
EE, is a salient problem that has been explored in [20] (gap overes-
timation, market forces, and behavioral economics explanations)
and [19] (economic efficiency of EE products, energy operating
costs, and unobserved cost inhibitions to EE adoption), though in
relatively academic contexts and without attention to the role of
multi-technology packaging of EEMs; nonetheless the relationship
to this work is that successful development of cost-effective multi-
technology packages could help close the identified gap. Finally,
other work has attempted to define energy and cost savings for
packages of retrofit measures, such as the International Energy
Agency (IEA) Annex 56 on cost effective energy and carbon reduc-
tions in buildings [23], with cost effectiveness evaluated from the
perspective of the customer. While this is of great interest to build-
ing owners, it is of limited value to utility program managers and
implementers. The research presented herein attempts to illustrate
an important pathway for utilities to adopt deeper energy saving
programs, improving the viability and cost effectiveness for these
strategies for customers.

1.4. Study approach

For this research effort, a consortium of five different utilities,
representing six U.S. geographic regions (one of the utility partners
represented two distinct regional service territories) partnered to
identify measures and system packages of high relevance to their
retrofit markets for analysis and evaluation to move forward into
incentive programs. Each utility recommended that large commer-
cial offices be the target sector for the study focus, and provided
input into the energy efficiency measures considered for the pack-
ages. The potential to deepen energy savings in the six represented
utility regions was explored through multi-measure incentive pro-
grams targeted for commercial buildings, while adhering to cost-
effectiveness criteria for program acceptance. Consequently, EEMs
were sourced from existing utility incentive programs, which
already had received regulatory approvals, including passing



Table 1
Utilities included in the study.

Utility Location

UTIL1 U.S. West Coast, ASHRAE Climate zone 3C
UTIL2 U.S. West Coast, ASHRAE Climate zone 3B
UTIL3 U.S. Central, ASHRAE Climate zone 5B
UTIL4 U.S. Midwest, ASHRAE Climate zone 6A
UTIL5 U.S. Midwest, ASHRAE Climate zone 5A
UTIL6 U.S. Northeast, ASHRAE Climate zone 4A

1 In some unique cases, programs may allow an exception whereby the existing
conditions of the specific building being retrofitted is used as the baseline.
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utility-based cost effectiveness tests. To enable comparisons
between the system packages across climate zones and utility
rates, we standardize the analysis on a common prototype building
model (dimensions, layout), with regional modifications to reflect
the existing building stock in the region studied (e.g. wall insula-
tion, window specifications). We describe the systems packages,
the modeled energy and demand savings, and cost effectiveness
by utility region. We conclude with implications for utility pro-
grams more broadly.

The combined utilities and regional service territories are
referred to here as UTIL1, UTIL2, UTIL3, UTIL4, UTIL5, and UTIL6.
Table 1 lists the geographic locations and climate zones of the part-
ner utilities.

Utilities currently have considerable investment into the pro-
gram design and administration of single measure programs,
including infrastructure to market relevant technologies, and
established deployment channels such as direct install programs
and so called mid-stream incentive programs where the product
vendor receives the incentive for each qualifying product sold.
Given the large infrastructure investment in these programs, utili-
ties are eager to continue to utilize these channels, and conse-
quently many of the single measures considered for the packages
stem from existing programs.

Various constraints to program design and delivery tend to
favor simpler ‘‘widget” based program design, including adminis-
trative costs which run higher for highly-custom programs. A fur-
ther constraint exists for many U.S. utility incentive programs
where regulatory bodies have mandated that viable incentive pro-
grams must pass a cost effectiveness test in order to proceed. Many
different cost effectiveness tests exist; however the most com-
monly applied criteria is the Total Resource Cost (TRC) test [16].
TRC essentially determines whether energy costs will go down in
the territory as a result of implementing the efficiency measure
(s). It compares the administration and customer costs to the
avoided cost of generating the same amount of energy over the
measure(s) lifetime [6].

Since all incentive programs in a utility territory will need to
pass cost effectiveness tests, a methodology to develop the pack-
ages needs to consider this aspect. The methodology used here
for developing these retrofit packages involved focusing on single
measures that have already been deemed to meet the cost effec-
tiveness criteria for each utility, which typically used the TRC
methodology. Multi-measure incentive programs will also be
required to meet this cost effectiveness test, so for the utilities
studied, existing resources were reviewed to source candidate
measures for the packages, such as their Technical Resource Man-
uals (TRMs), which indicate single measures already meeting the
required cost effectiveness criteria and approved for single mea-
sure incentive programs. The measures found in the TRMs largely
consist of HVAC, lighting and related controls measures, as well
as select other measures relevant to process loads and domestic
hot water, with little to no representation by envelope measures.
It would have been advantageous from an energy saving stand-
point to include envelope retrofit measures such as improved glaz-
ing or insulation in the proposed packages, thereby lowering
heating and cooling loads and reducing energy consumption. How-
ever envelope retrofits are inherently costly to apply, and since
they did not meet the cost effectiveness criteria of the existing pro-
grams, they could not be included in the packages while still deliv-
ering a set that would meet the required cost effectiveness tests.

1.4.1. Baseline selection
Energy savings estimates from retrofit technologies or packages

are calculated against an assumed baseline condition, which
includes assumptions about a building’s characteristics and condi-
tions that lead to its annual energy usage (construction and
3

materials details, operating schedules, mechanical equipment type,
vintages, and efficiencies, etc.). The selection of a baseline in utility
program design is a fundamental consideration in calculating sav-
ings, setting incentives, and program evaluation. Decisions on pro-
gram baselines are typically set through a rule-making process
involving utility program administrators, regulators and other
stakeholders. Conceptually, this is relatively straightforward: the
baseline is essentially the condition that would have existed absent
the intervention. In practice, this is more complex because the
counterfactual is not easily defined: it is highly context sensitive
and requires defining or making assumptions about owner
decision-making and building practices for existing building condi-
tions. In addition, utility programs in some cases are held to regu-
latory requirements that mandate energy code baselines - a set of
conditions that does not exist in most existing buildings. Conse-
quently, defining a baseline is not a straightforward analytical pro-
cess for existing buildings and requires stakeholder judgement and
negotiation of competing interests across program regulators,
implementers, customers and advocacy groups. While it was not
the intent of this effort to conduct a comprehensive review of base-
line selection practice nation-wide, we sought to identify the key
issues through a selective literature review as well as discussions
with key experts. We present the following highlights as context
for the study presented in this paper:

d For new construction, the baseline is almost always defined as
the prevailing building energy code. This is fairly non-
controversial and we found no exception to this.

d For existing buildings, there are broadly two scenarios: 1)
equipment being replaced before the end of useful life (EUL)
while still being fully functional. This scenario is commonly
referred to as ‘early replacement’ (ER) or ‘accelerated replace-
ment’. 2) Equipment being replaced at failure or beyond EUL.
This scenario is commonly referred to as ‘replace on failure’
(ROF) or ‘replace on burnout’ (ROB).

d Some programs apply an existing building baseline for ER and
code baseline for ROF on the premise that the new equipment
would or should have to meet current code. However, there
are nuances even with this general approach. For example, the
baseline framework developed for Massachusetts allows an
existing building baseline for new ‘add on’ equipment such as
a variable speed pump or energy management and information
system [11]. Furthermore, deciding whether something is ER or
ROB can be difficult in some cases and requires a preponderance
of evidence to prove. California passed legislation mandating
that the California Public Utilities Commission (CPUC) begin
counting energy efficiency savings based on existing conditions
[35].

d There is no widely accepted norm for defining an existing build-
ing baseline. Most programs define a common existing baseline
to be applied to all buildings regardless of the actual existing
conditions in a given building1. This baseline is usually deter-
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mined based on ‘industry standard practice’ (ISP). ISP itself may
be below, at, or above code depending on the equipment or
measure.

d Computing savings over the lifetime of a measure may require
the consideration of ‘dual baselines,’ wherein the baseline
changes over the course of the measure lifetime. This is espe-
cially the case when future code changes can be anticipated
with high certainty.

d For program evaluation purposes, there is an important distinc-
tion between what would have happened without the measure
vs. what would have happened without the program, i.e., can
the measure implementation and the associated savings be
attributed to the program? In California, for example, utility
programs can claim some (but not all) of the ‘below-code’ sav-
ings of an existing building measure, on the premise that utility
programs help to improve code compliance, which remains a
significant issue [36;18]. This is primarily an accounting issue
on how to allocate savings between incentive programs and
codes programs (i.e. programs that accelerate adoption of
higher-efficiency building energy code), and not a technical
issue on how to calculate savings for a measure. However, it
is important in that it affects how much credit utilities can
claim for energy savings and therefore whether they are able
to offer viable incentives.

Our review also sought quantitative estimates of the impacts of
selecting different baselines for a utility program. However, we
found hardly any data on this. While there are many studies show-
ing the savings potential of different measures, such as the Califor-
nia potential and goals study [36], these generally do not
document the impact of different baselines2. A study by EnerNOC
of energy savings for a range of energy efficiency measures [14] com-
pared the amount of savings attributable to bringing existing build-
ing performance up to energy code minimum performance (to-code
savings) and the additional energy savings the measures achieved
beyond code minimum performance (beyond-code savings). For
electricity, to-code savings was 18% while beyond-code savings
was 9%; and for gas savings it was 12% and 3% respectively. To-
code savings were substantially larger than beyond-code savings.
In the context of energy baselines for efficiency retrofits, this implies
that for retrofits in existing buildings, counting only energy savings
beyond code may eliminate much or even the majority of energy
savings achieved in actuality. [36] shows that two-thirds of the total
electric savings and about half the total gas savings is from codes and
standards programs; clearly building energy codes and appliance
efficiency standards have moved the goalposts forwards significantly
in terms of the minimum energy performance expected of new
buildings and what efficiency measures must accomplish to get
beyond code baseline performance.

The literature review and stakeholder discussions clearly
affirmed that baseline selection is a significant issue. Toward that
end, our analysis included consideration of code and existing
building baselines. The existing building baseline provides an esti-
mate of savings that customers can expect to realize, while the
code baseline provides an estimate of savings relative to a code
baseline that a utility may be obligated to use to determine incen-
tive payments.
2. Methodology for systems analysis

We first selected several individual EE measures and combined
these measures into different packages. We then used EnergyPlus
2 We obtained mixed feedback on whether the baseline selection affects measure
adoption.
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[13] to simulate the energy savings due to implementing the
packages. In order to quantify the effects of selecting different
baselines, we simulated annual energy performance for energy
code-compliant baselines as well as existing building baselines.
EnergyPlus was selected as it provided thermal assessments of
integrated building designs and solutions, while being a free,
open-source platform that enables hourly time step energy out-
puts, which are needed to assess energy costs with various utility
rate structures including demand charges. Finally, we estimated
the cost to implement the packages and computed the resulting
cost savings.
2.1. Measures and packages

To select EE measures for this study, we started by using a vari-
ety of sources [17,21,25–27,30,32,37,44,47] as well as conversa-
tions with industry experts, focusing on measures that were in
existing TRMs and could provide strong potential for passing
required cost effectiveness tests. We created an initial list of 71
measures that appeared to have good savings potential but are
under-utilized; see Appendix Table A1 for the initial list of mea-
sures. We then asked each utility to rank the measures based on
savings potential, program priorities, likelihood of adoption, and
potential interest from customers. Finally, we selected 15 individ-
ual measures that ranked highly for all of the utilities; see Appen-
dix Table A2 for a list of the selected measures and more detailed
descriptions.

Next, we combined individual measures into packages using
several considerations: We combined measures that could all be
implemented by a single trade in order to leverage the fixed costs
of contracting and mobilization of that workforce on site. We com-
bined measures that leveraged the capabilities of other measures,
whether interactive or integrated (e.g., the use of occupancy sen-
sors in light fixtures to inform demand controlled ventilation).
We combined measures based on scope of construction. We also
picked some combinations of measures that were more applicable
to retrofits. We added demand response (DR) to some packages,
depending on whether the utility has DR programs in the service
area. Some measures were also included specifically focused on
HVAC systems, as this is an underutilized area in utility incentive
programs [9]. In total, we developed and analyzed 34 packages of
measures. Of these packages, 16 were prioritized based on utility
partner feedback. We present results for those 16 packages here.
The 16 packages include combinations of seven of the individual
EE measures: efficient LED lighting with integrated and networked
occupancy and daylighting controls, demand controlled ventilation
(DCV) using occupancy sensor data from the lighting controls,
zone-level temperature reset during unoccupied periods (also
occupancy-sensor based), variable air volume (VAV) terminal box
minimum flow retuning (from 30% to 15%) primarily to reduce
reheat energy consumption, use of ceiling fans with cooling set-
point setback to reduce cooling energy when conditions are appro-
priate, ASHRAE Guideline 36 economizer controls improvements
[3], and use of chilled water return for pre-heating of outside air.
Four of the 16 packages also include DR measures such as cooling
setpoint setback by 2.2 degrees C during DR events as well as light-
ing power reduction of 20% during DR events.

Table 2 lists the 16 packages for which we present results. It
includes one lighting-only package (L1), eight lighting-and-HVAC
(LH) packages, three HVAC-only (H) packages, and four DR pack-
ages. For each utility and service area, we evaluated each package
relative to the appropriate baseline (discussed in the following sec-
tion). We then narrowed our selection of packages to those with
the most energy savings potential and best cost effectiveness.



Table 2
Prioritized set of packages and measures per package.

Category Package
Code

Measures

Lighting only L1 Lighting (all) * includes LED fixtures, occupancy
and daylighting controls

Lighting and
HVAC

LH1 Lighting (all) + Zone-level temperature reset
based on occupancy (‘‘occ reset”)

LH2 Lighting (all) + Zone-level DCV
LH3 Lighting (all) + Zone-level occ reset + DCV
LH4 Lighting (all) + VAV box retuning
LH5 Lighting (all) + VAV box retuning + Guideline 36

economizer controls
LH6 Lighting (all) + Ceiling fans with cooling setpoint

setback (2.2 degC)
LH7 Lighting (all) + Ceiling fans with cooling setpoint

setback (2.2 degC) + VAV box retuning
LH8 Lighting (all) + Ceiling fans with cooling setpoint

setback (2.2 degC) + VAV box
retuning + Guideline 36 economizer controls

HVAC only H1 Ceiling fans with cooling setpoint setback + VAV
box retuning

H2 Ceiling fans with cooling setpoint setback + VAV
box retuning + Guideline 36 economizer controls

H3 Chilled water return for outside air
preheat + VAV box retuning

Demand
Response

DR1 Lighting (all), zone-level occ reset and DCV, DR:
lighting power reduction (20%) and cooling
setpoint setback (2.2 degC)

DR2 Lighting (all), ceiling fans with cooling setpoint
setback (2.2 degC), DR: lighting power reduction
(20%) and cooling setpoint setback with ceiling
fans (3.3 degC)

DR3 Lighting (all), ceiling fans with cooling setpoint
setback (2.2 degC), VAV box retuning, DR
lighting power reduction (20%) and cooling
setback with ceiling fans (3.3 degC)

DR4 Lighting (all), zonal DCV, DR: lighting power
reduction (20%) and cooling setpoint setback
(2.2 degC)

3 Note that the code baseline applies only for the systems being retrofitted. For
example: a building in which the HVAC and lighting are being retrofitted will be
required to meet the code baseline for those systems. The envelope will still reflect
existing building conditions.
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2.2. Modeling approach and baselines

We used building energy modeling and simulation to estimate
energy saving potentials for the packages. We simulated annual
whole-building energy use under baseline conditions and with
the packages implemented using EnergyPlus models of large office
buildings. The EnergyPlus building energy modeling application is
DOE’s flagship whole-building energy simulation engine to model
sophisticated building energy systems and advanced controls,
which enables evaluation of energy savings potential from the EE
measures as a package for our study. EnergyPlus is widely used
for building energy simulation studies to support the development
of building energy code compliance, federal, state, and utility
incentives programs, as well as the energy efficient design of
new buildings and energy retrofit of existing buildings, and has
been rigorously and continuously validated by ANSI/ASHRAE Stan-
dard 140–2020 [4].

The large office building model is approximately 46,500 m2

with 12 floors, an aspect ratio of 1.5 (length-to-width), and a
window-to-wall ratio of 0.4. For code baselines, we used an adap-
tation of the relevant DOE prototype models [38] that includes
more detailed and realistic thermal zones. For existing building
baselines, we used a detailed zoning version of DOE reference
models [10], again with more detailed and realistic thermal zones.
The standard version of these models has only five zones per floor.
The detailed zoning version has about 26 zones per floor, as shown
in the Fig. 1 example. The more detailed zoning was important for
our analysis because some of the measures involve HVAC zone
5

level controls that need a realistic diversity in zone conditions
and behavior to illustrate energy benefits.

For packages with DR, we modeled all hours of the year without
DR, then modeled all hours of the year again except with the DR
strategy implemented for selected peak demand dates and hours,
then combined the results for a year that included DR performance
only on selected days. DR event parameters include duration, date,
time of day, number of events per year, and incentive level per kW
shed.

In addition to simulating the packages of measures, we also
simulated individual measures in order to understand their indi-
vidual impacts and for diagnostic purposes. We do not present
results from the individual measures in this paper, but detailed
results are available as indicated in the data availability section.

Table 3 shows the baselines and climate zones used for each
utility. For UTIL3 and UTIL4, which use an existing building base-
line, we used the pre-1980 vintage model for consistency with
their programs. For the other utilities, which use a code baseline,
we used the post-1980 vintage model for building envelope com-
ponents, with code baseline for HVAC and lighting system perfor-
mance3. For the utilities using a code baseline, we also did an
analysis with existing building baselines, in order to understand
the implications.

The pre-1980 reference model lighting power densities were
consistent with T12 fluorescent lamps. However, most older exist-
ing buildings will have lighting systems that have been retrofitted
to T8 fluorescent at a minimum. Consequently, for the UTIL3 and 4
existing building baselines, the lighting system assumptions were
updated to the level of ASHRAE 90.1 2010, consistent with 3-
lamp T8 fluorescent fixtures at lighting power density of 10.6 W/
m2 (open office).

2.3. Retrofit package cost estimation

Finally, we estimated costs for each package using a variety of
sources: a construction industry cost estimate database [42], prior
experience with equipment installation for other projects, market
intelligence from industry experts, and discussions with lighting
and HVAC manufacturers and suppliers. Retrofit costs were based
on the estimated total cost of equipment and labor whereas
replace on burnout (ROB) or new construction costs were based
only on the incremental cost of the measure option compared to
a ‘standard’ option (e.g., for lighting, basic LED or fluorescent fix-
tures without integrated sensors and controls).

Generally, for package costs, installation totals for a project
depend on the estimated number of units installed, built up from
project floor area and density of units per area, and estimated cost
per unit (materials and installation labor). Costs per measure per
package are given in Table 4 below, in terms of total project cost
for the modeled building, and normalized to floor area. Cost details
per measure are as follows:

d For advanced lighting (LEDs with integrated and networked
occupancy and daylighting controls), we assumed a lighting fix-
ture density of just over 7.4 m2 per fixture, and approximately
41,800 m2 of applicable space, and material costs per fixture
of around $245 (troffer-style fixture with integrated sensors
and controls) and labor costs per fixture installation of around
$120 (includes controls commissioning).



Fig. 1. Example floor plan showing thermal zones in the detailed zoning version of the commercial building prototype model used for the analysis.

Table 3
Baselines for each utility.

Utility Baseline

UTIL1 Code: California Title 24 2016
UTIL2 Code: California Title 24 2016
UTIL3 Existing Building: DOE pre-1980 reference model
UTIL4 Existing Building: DOE pre-1980 reference model
UTIL5 Code: ASHRAE 90.1 2013
UTIL6 Code: ASHRAE 90.1 2016
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d For zone-level HVAC setpoint reset based on occupancy control,
the total served floor area was 38,370 m2, at an implementation
cost of $2.05/m2 for labor only (zone setup and programming,
but no equipment, since the lighting system occupancy sensors
are used) [44,46].

d For zonal DCV using fixture-based occupancy, we assumed 90
total control zones per building, at 37,254 m2 applicable floor
area, and 415 m2 per zone, and an implementation cost of
$1,500 per zone (assuming $150/hour labor rate).

d For VAV retuning, quantities were based on one VAV box per
175 m2 floor area, and 42,735 m2 of total applicable area. We
assumed costs of $50 per box for tuning and $1,200 to re-
program the system.

d For ceiling fans and cooling setpoint setback, we assumed a
total of 862 fans over 32,000 m2 applicable area (around
37 m2 per fan), and $400 material cost and $430 installation
labor per fan and an additional $4,200 for the building for pro-
gramming and commissioning labor.

d For Guideline 36 economizer controls, we used a simple $10,000
fee for programming and commissioning for the entire building.

d For chilled water return use for outside air (OA) preheating, we
assumed six mechanical rooms building-wide where this would
be implemented at the air handling unit (AHU), and equipment
costs based on building floor area of $0.07/m2, labor costs of
$0.15/m2, as well as $1,500 for each AHU for an additional coil
and programming [17].

d Assumed costs to implement the DR programming for DR pack-
ages ranged from $10,000 to $12,000 per building, based on
number of zones, assumed costs of $150/zone programming
and building-wide DR commissioning fees.

2.4. Utility rates, energy costs, and simple payback approach

Modeled annual energy usage (electricity and natural gas) and
monthly peak electric demand for baseline and retrofit scenarios
were converted to dollars based on commercial customer utility
6

rates for each partner utility. Rates included energy and demand
charges for electricity, with time of use (TOU) tiers in most cases,
and natural gas charges, as summarized in Table 5.

Package installation cost estimates along with annual energy
cost savings based on the utility rates were used to calculate sim-
ple payback for the packages. Dividing package cost by annual cost
savings results in the number of years needed for the package to
pay back in savings the costs required to implement it.

The simple payback (SPB) approach provides a quick and easy
comparative reference for the cost effectiveness of the retrofit
packages (to the customer) and is a common and accepted metric
for EE measure analysis. However, as the term implies it is a ‘‘sim-
ple” approach, with limited applicability for understanding full
lifecycle cost effectiveness. It does not account for cost of capital,
an investor’s discount rate, nor does it include the ongoing cost
savings over the total effective useful life of a measure, and it does
not consider lifecycle variables such as energy cost escalations and
inflation. Net present value (NPV) and internal rate of return (IRR)
calculations provide a more sophisticated cost effectiveness pic-
ture for efficiency measure financial analysis. However, such anal-
yses require more inputs and may be less generalizable and were
not in the scope of this research effort. Further, with utility pro-
gram viability being a key consideration, simple payback was
deemed an effective metric for comparison across the system pack-
ages at this stage, for the purpose of ranking and prioritizing the



Table 4
Package cost details.

Measure Packages
with Measure

Estimated
Cost /
Building*

Estimated Cost
/ Square Meter

Lighting and controls L1, LH 1 – 8.
DR 1–4.

$2,017,000 $48.25

Zone level occupancy-
based temperature
reset

LH 1 & 3. DR 1. $78,500 $2.05

Demand controlled
ventilation

LH 2 & 3. DR 1
& 4.

$135,000 $3.62

VAV box retuning LH 4, 5, 7 & 8.
H 1 – 3, DR 3.

$13,400 $0.31

Ceiling fans with
temperature setback

LH 6 – 8. H 1 &
3. DR 2 & 3.

$723,000 $2.27

Economizer controls LH 5 & 8. H 2. $10,000 $0.22

Chilled water return OA
preheat

H 3. $19,350 $0.42

* Costs are given for UTIL2 and represent base costs for the analysis, which were
scaled per utility based on regional differences in costs for labor and materials
relative to UTIL2.
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packages for further program development. Should a package
move into development, deeper cost effectiveness tests would be
applied, such as the TRC metric described earlier.
4 Interestingly, the savings in LH4 (lighting and VAV retuning) is lower than the
savings in L1 (lighting only). This appears counter-intuitive. However, further
investigation indicates that the likely reason is that the VAV retuning measure
reduces night cooling of the thermal mass, which results in the need for slightly more
cooling during the day and an associated increase in peak peak demand relative to L1.
3. Results and discussion

As noted previously, we analyzed 34 packages. We present
below the results for the 16 packages that were prioritized in dis-
cussion with the utilities. The prioritization was based on the sav-
ings, cost effectiveness, as well as utility program considerations
such as applicability to their customer base.

We include here results and discussion of baseline energy use,
energy savings, energy cost savings, peak demand savings, savings
per end use, simple payback, and comparison of code vs. existing
building baselines. For brevity, we present summaries and selected
charts. Complete results for all utilities are available as explained
in the data availability section.

3.1. Baseline energy use

Fig. 2 shows the baseline energy use breakout for each utility.
The breakout varies considerably across the utilities. Lighting and
plug loads are the dominant end uses for UTIL1 and UTIL2. Heating,
plugs and lighting are the largest end uses for UTIL3, UTIL4, UTIL5,
and UTIL6.

3.2. Energy use savings

Table 6 shows the range of site energy use savings percentages.
There is a wide range of savings across the packages. As expected,
the LH packages, which combine lighting and HVAC, show higher
savings than the L and H packages. The maximum savings range
from 12 to 22% across all six utilities. L package savings are higher
in UTIL1 (10%) and UTIL2 (11%) because lighting is a higher portion
of baseline site energy for those utilities. H packages savings are
higher in UTIL3 (9–10%) and UTIL4 (14%) compared to other utili-
ties, partially because they have existing building baselines. H
packages savings are lowest in UTIL1 (5%) and UTIL2 (4%), likely
due to the mild climate and a relatively smaller proportion of
HVAC energy use generally. The relative differences between the
packages are similar across all six utilities. As an example, Fig. 3
shows the package savings for UTIL6. Lighting (all) and VAV box
7

retuning appear to be the key measures included in packages with
high savings.

3.3. Energy cost savings

Table 7 shows the ranges of site energy cost savings percentages
per utility. Cost savings percentages are higher than energy use
savings percentages. The maximum savings range from 15 to 26%
across all six utilities. Energy costs include fixed costs and demand
charges. Demand savings percentages are considerably higher than
the energy use savings percentages, as discussed later, which con-
sequently has a greater influence on the overall energy cost sav-
ings. Cost savings show a narrower range across packages than
the energy use savings. The relative trends across the packages
are similar across all six utilities, and are consistent with the trends
for energy use savings. As an example, Fig. 4 shows the energy cost
savings for UTIL3. As with energy use savings, Lighting (all) and
VAV box retuning appear to be the key measures for packages with
high savings.

3.4. Peak demand savings

Table 8 shows the range of annual peak demand reduction and
savings percentages for all the packages, including the DR pack-
ages. These are considerably higher than the energy use savings
percentages for the L, LH, and H packages. The maximum savings
range from 20 to 35% across the six utilities. The savings for the
DR packages were in the same range, with maximum savings from
20 to 38% across five utilities that considered DR packages (UTIL5
did not). In all five utilities, DR3 had the highest savings (Lighting
all, ceiling fans with cooling setback and VAV minimum retuning).
Again the relative trends across the packages were similar for all
the utilities. As an example, Fig. 5 shows the demand savings for
the L, LH, and H packages for UTIL1, and Fig. 6 shows the same
for the DR packages for UTIL1.4

3.5. Savings breakout by end use

Fig. 7a-c shows the savings in lighting, HVAC electricity and gas
energy as a percentage of total site energy use for UTIL1, UTIL3 and
UTIL6. Lighting energy savings are highest in all packages with
lighting measures, and significantly outweigh HVAC electric
energy savings, up to ten times for some packages. However, we
note that HVAC electric savings are somewhat underestimated
for packages with VAV retuning due to modeling limitations in
EnergyPlus - the software does not include a fan systemmodel that
can replicate system pressure and flow dynamics and therefore
cannot adjust fan energy for the lower minimum VAV box setting.
The packages with VAV retuning have high gas energy savings, due
to reduced need for reheat for VAV boxes in low flow conditions,
despite the savings penalty due to lower lighting load. Other L
and LH packages show a gas penalty due to the lower lighting load.
The penalty is generally about a third of the lighting savings for
UTIL3 and UTIL6 but much lower for UTIL1, due to the milder
climate.

3.6. Cost effectiveness

Table 9 shows the simple payback (SPB) results for the packages
for two implementation scenarios as described earlier: retrofit



Table 5
Utility energy and demand charges used in payback analysis.

Utility Energy Costs Demand Costs Gas Costs

Min Energy
Charge ($/kWh)

Max Energy
Charge ($/kWh)

TOU
Tiers

Seasonal / Monthly Demand
Charge ($/kW)

Min TOU Demand
Charge ($/kW)

Max TOU Demand
Charge ($/kW)

TOU
Tiers

Average Charge
per Therm

UTIL1 $0.09 $0.15 5 $19.60 $0 $20.22 4 $0.77
UTIL2 $0.06 $0.33 5 $19.02 N/A N/A N/A $0.66
UTIL3 $0.03 $0.04 2 $20.58 N/A N/A N/A $1.31
UTIL4 $0.03 $0.07 2 N/A $0 $15.54 3 $0.77
UTIL5 $0.068 $0.074 2 $7.48 N/A N/A N/A $0.60
UTIL6 $0.12 $0.12 N/A $25.41 N/A N/A N/A $0.71

Fig. 2. Baseline energy use for each utility. Note that UTIL3 and UTIL4 are existing building baselines. All others are energy code baselines for retrofits.

Table 6
Energy use savings percentages for packages.

Utility
Site energy use savings range (%)

Lighting only
package

Lighting + HVAC
packages

HVAC only
packages

UTIL1 10% 10% � 16% 5%
UTIL2 11% 11% � 16% 4%
UTIL3 8% 10% � 20% 9% � 10%
UTIL4 6% 6% � 22% 14%
UTIL5 5% 5% � 12% 7%
UTIL6 6% 6% � 14% 7%
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(RET) and replace on burnout (ROB). In most packages, ROB has
much lower SPB because it only includes the incremental cost over
the baseline equipment replacement cost, whereas in the RET case
the SPB accounts for the entire cost of the retrofit. Note that RET
and ROB are identical for the H packages because they do not
involve equipment replacement. As expected, payback is much
lower for utilities with higher energy costs, such as UTIL1 and
UTIL6, with less than five years for several L and LH packages for
ROB. But even UTIL5, which has the lowest energy costs of all the
six utilities, has SPB less than 10 years for ROB for several packages.
LH4 and LH5 generally have the lowest SPB across all the utilities.
Packages with ceiling fans have significantly higher SPB. This is dri-
ven by the low savings rather than the cost of ceiling fans.
Although the SPB values varied across the utilities, the relative dif-
ferences between packages were similar for each utility. Fig. 8a-b
shows the SPB values for UTIL5 and UTIL6 as examples.
8

While ROB may have the advantage of a quicker financial return
on the retrofit, it does present some additional challenges in execu-
tion. Practically, the building owner needs to carefully plan for the
retrofit to occur in conjunction with the end of useful life of the
given equipment, which can be hard to predict, and risky from
the standpoint of assurance of continued operation until the point
when the retrofit is ready to occur. Some of this risk can be miti-
gated by tracking equipment lifespan and depreciated value, and
planning for the replacement in advance, coordinating with other
related retrofit work. The retrofit will be disruptive to an occupied
building whether it is timed to occur at the end of useful life of the
equipment or not. However, by introducing the assessment of
value of installed systems and equipment into the capital planning
process, ROB retrofits can be planned for ahead of time.
3.7. Impact of code vs. existing building baselines

As previously described, the selection of a baseline is a funda-
mental consideration when structuring and designing an incentive
program. Individual projects have to adhere to the baseline
requirements when calculating their incentives, regardless of the
actual baseline for a given project. UTIL1, UTIL2, UTIL5 and UTIL6
use an energy code baseline for retrofits while UTIL3 and UTIL4
use an existing building baseline. Utilities using code baselines
are keen to understand the difference between code and existing
building baselines, since this in effect represents the additional
savings experienced by the building owners even though they do



Fig. 3. Site energy use and savings for UTIL6.

Table 7
Energy cost savings percentages for packages.

Utility Site energy cost savings range (%)

Lighting only
package

Lighting + HVAC
packages

HVAC only
packages

UTIL1 16% 16% � 18% 1% � 3%
UTIL2 15% 15% � 16% 0% � 1%
UTIL3 14% 15% � 24% 7% � 8%
UTIL4 18% 19% � 26% 5% � 7%
UTIL5 12% 13% � 16% 3% � 4%
UTIL6 13% 13% � 16% 2% � 4%
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not get incentives for the additional savings. Fig. 9a-b compare the
savings based on code and existing building baselines for UTIL1
and UTIL6. For UTIL6, the existing building baseline yielded almost
double the savings in many packages. For UTIL1, the existing build-
ing baseline yields about a quarter to a third more. UTIL5 results
were similar to UTIL6 and UTIL2 results were similar to UTIL1.
These packages may offer a significantly higher value proposition
for owners than what the utility program itself suggests.
Fig. 4. Energy costs and

9

3.8. Indoor environmental quality

The viability of a set of technologies in achieving acceptance
and satisfaction by the building’s occupants and users is tied to
occupant experience of indoor environmental quality (IEQ), includ-
ing the space’s thermal comfort metrics. The developed retrofit
packages are intended for application in a range of existing build-
ings with unknown degrees of current IEQ, and as such it is not
possible to quantify potential improvements in IEQ through this
study. However the packages can be assessed for ability to comply
with industry standards quantifying aspects of IEQ using the base-
line model conditions for comparison. ASHRAE Standard 55 ’Ther-
mal Environmental Conditions for Human Occupancy’ provides
metrics and ranges for acceptable human comfort involving indoor
dry bulb temperature, relative humidity, mean radiant tempera-
ture and air velocity [5]. The simulation models in EnergyPlus
v9.1 include assessment of several thermal comfort metrics,
including the amount of time the space is considered not comfort-
able based on ASHRAE 55.

For UTIL1 and 2, which are located in temperate climates, both
the existing building baseline and all package simulation results
indicate that thermal comfort was achieved during the year, with
only minor variances outside of this range (e.g. weighted average
savings for UTIL3.



Table 8
Peak demand savings percentages for packages.

Utility
Site demand cost savings range (%)

Lighting only package Lighting + HVAC packages HVAC only packages DR packages

UTIL1 20% 18% � 24% 0% � 10% 27% � 30%
UTIL2 19% 19% � 20% 0% � 2% 25% � 26%
UTIL3 30% 28% � 35% 0% � 11% 31% � 38%
UTIL4 21% 21% � 30% 0% � 7% 26% � 34%
UTIL5 16% 16% � 26% 2% � 9% n/a
UTIL6 20% 17% � 26% 0% � 9% 21% � 32%

Fig. 5. Peak demand and savings for UTIL1.

Fig. 6. Peak demand and savings for UTIL1 for DR packages.
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Fig. 7. a-c. Savings end use breakout for UTIL6 (a), UTIL1 (b) and UTIL3(c).
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thermal comfort results were out of comfort bounds for 1–5% of
occupied hours for both the baseline and package cases). There
was no significant difference in delivery of thermal comfort for
any of the packages as compared to the baseline building’s
performance.

UTIL3, 4, 5 and 6 however are located in cool and cold-leaning
climates with baseline energy models representative of buildings
with poor envelope conditions. For example, UTIL5 and 6 large
11
office models represent post-1980 vintages that meet ASHRAE
90.1 1989 standards for envelope compliance; UTIL5 has an RSI-
value (K�m2/W) of 1.59 for exterior walls and 3.17 for roof, and
UTIL6 has RSI-1.23 exterior walls and RSI-2.82 roof. Building mod-
els for UTIL3 and 4 represent pre-1980, and envelopes properties
are based on the ASHRAE 90A-1980 [2]. UTIL3 has RSI-1.06 exterior
walls and RSI-2.29 roof, and UTIL4 has RSI-1.23 exterior walls and
RSI-2.99 roof. All of these utilities have poor-performing



Table 9
Simple payback (SPB) for packages for retrofit and replace-on-burnout.

Utility
Simple payback (years)

Lighting only package Lighting + HVAC packages HVAC only packages

RET ROB RET ROB RET, ROB

UTIL1 13 3 13–18 3–8 7–36
UTIL2 16 4 15–21 4–9 13–59
UTIL3 29 8 19–37 5–16 1–16
UTIL4 16 4 12–21 3–9 1–15
UTIL5 33 8 27–44 6–19 2–42
UTIL6 16 3 14–22 3–9 2–23

Fig. 8. a-b. Simple payback on retrofit and replace-on-burnout for UTIL6 (a) and UTIL5 (b).
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single-pane glazing windows with U-value (W/m2�K) of 0.17. Note
that all baseline model conditions were selected for assessment by
the utilities as being representative of the building stock they
would target for the package improvements. The baseline energy
models for UTIL3, 4, 5 and 6 all indicated that there would be sig-
nificant time periods with indoor conditions outside of the comfort
range prescribed by ASHRAE Standard 55 (17–23% of occupied
hours). The poor-performing building envelopes are a substantial
contributor to this result, with low mean radiant temperature in
the winter months, lowering the operative temperature felt by
the occupants and causing uncomfortable conditions. Overall, all
12
of the studied packages had a similar thermal comfort performance
to the baseline model, with no significant additional benefits or
negative impacts (retrofit package models showed conditions out-
side the thermal comfort range 15–27% of occupied hours). It is
expected that for overall thermal comfort acceptance and improve-
ments in these cases, significant investments in improving building
envelope would be required, which was outside the scope of this
study.

In terms of visual comfort, EnergyPlus v9.1 does not include
photometric simulation of electric light or daylight conditions.
However, the lighting power densities in the energy model and



Fig. 9. a-b. Comparing savings from code and existing building baselines for UTIL6 (a) and UTIL1 (b).
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the associated lighting technologies in the reference baseline and
in the retrofit packages (T8 fluorescent troffers and LED troffers,
respectively) are consistent with lighting output that would deliver
minimum design task illuminance levels, such as per Illuminating
Engineering Society (IES) recommended practice [24]. Daylight
delivery and glare probability from the windowed facade is also
outside of the scope of the simulations, but the package technolo-
gies have no impact on daylight delivery from the facade; e.g. no
changes to window transmittance, blinds configuration, etc. Day-
lighting controls are a package measure that would affect electric
light delivery in the daylit zone, but are presumed to be commis-
sioned correctly, at a dimming setpoint that still maintains mini-
mum task illuminance targets.

4. Conclusions

Collectively, the key findings from these results are:

� Packages that include lighting and VAV retuning offer the high-
est value in terms of savings and cost effectiveness. Additional
measures offer fairly marginal benefits.
13
� The relative trends across the packages are fairly consistent
across the six diverse utilities, suggesting that these trends
may hold for other locations as well.

� Energy savings from lighting far outweigh the savings from
HVAC.

� The packages offer significant demand reduction.
� The packages are reasonably cost effective for replace-on-
burnout but generally not for a retrofit scenario.

� The use of an existing building baseline shows significantly
higher savings than a code baseline.

We presented and discussed these results with the utilities.
Some of the utilities decided to work on the development of an
incentive program for two packages: 1) Lighting and VAV retuning;
and 2) Lighting and DCV. Existing buildings will continue to be a
significant portion of U.S. building sector energy use, and will
require cost effective retrofit strategies that can offer deeper sav-
ings over traditional component based retrofits. Systems retrofits
that combine multiple measures can offer deeper savings, but
remain underutilized in utility programs. In collaboration with
six utilities, we identified and analyzed 34 systems packages for
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energy savings, demand savings and cost effectiveness. Our analy-
sis shows that packages with proven lighting and HVAC measures
can provide 5–22% whole building annual energy savings, and 13–
22% annual energy costs savings. The packages are reasonably cost
effective for replace-on-burnout but generally not for a retrofit sce-
nario. Packages that include lighting and VAV retuning offer the
highest value in terms of savings and cost effectiveness. Additional
measures offer fairly marginal benefits. Demand response can
increase both the energy savings and energy cost savings, further
improving the cost effectiveness of these packages. With the rise
of intermittent renewable energy in utility supply, building tech-
nologies that are capable of providing demand response will
increase in their value as event and price based demand reductions
become increasingly important.

The choice of baseline in developing utility incentive programs
has a substantial impact on the attributable energy savings to the
program, and hence the viability of a program proceeding. Energy
savings from a retrofit technology or package relative to an existing
building’s actual conditions will generally be much higher (partic-
ularly for older building vintages); these are also the ‘‘real” energy
savings that the implementing building will experience over time,
for example, in terms of dollar savings in utility bills. However, reg-
ulations and policies often require that utility programs only
account for, or ‘‘claim,” retrofit energy savings relative to a current
building energy code baseline. In cases where energy code is a
required baseline, there will be conditions where a technology or
system package of measures will not be able to meet utility cost
effectiveness tests for administration of the program (due to lower
Table A1
List of initial efficiency measures (EEMs) considered for retrofit packages.

Building System Type EEM Name

HVAC Air-source heat pump (ASHP)
HVAC Variable capacity heat pumps (mini, multi-splits)
HVAC Cold climate ASHP
HVAC Variable refrigerant flow (VRF) conditioning system
HVAC ASHP with smart controls
HVAC Very high efficiency dedicated outdoor air systems (VHE D
HVAC Hybrid rooftop unit (RTU) with dual evaporative pre-cooli
HVAC Sub-wet bulb evaporative chiller (for hot/dry climates)
HVAC RTU optimization package - condenser evaporative air-pre
HVAC Programmable ceiling fans and smart thermostats
HVAC Thermafuser diffusers, occupancy and setback controls
HVAC RTU airflow tuning
HVAC Liquid cooling in data centers
HVAC Energy-smart pressure independent controlled chilled wat
HVAC Space heat recovery from refrigeration
HVAC Backward curved fan impeller
Lighting LED task lights
HVAC, Lighting LEDs, luminaire specific occupancy and temperature sensin
Lighting LEDs, luminaire specific occupancy sensing
Plug Load Advanced power strips
DHW Commercial heat pump water heaters
Envelope High-performance window attachments (films, blinds, stor
Envelope West facing facade shading
HVAC Chilled water return use for outside air pre-heat
HVAC Chilled water system embodied cooling (without chiller on
HVAC Cooling tower fan staging
HVAC Condenser pump sequencing (optimize based on efficiency
HVAC Heat recovery coil controls
HVAC Wet bulb temperature control
HVAC Refine outdoor air scheduling
HVAC Thermal energy storage (TES) controls, chilled water
HVAC Economizer tuning (improve free cooling)
HVAC Calibration of economizers (tune, repair damper mechanic
HVAC Relocation of outdoor temperature sensor for improved ac
HVAC RTU economizer
HVAC RTU fan variable frequency drives (VFDs)
HVAC RTU fan cycling control
HVAC RTU strip heat control
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admitted energy benefits). Ultimately this is a detriment to the
customer, as they would lack access to the incentives needed to
help improve their cost effectiveness deployment of the energy
saving technologies. Efforts are under way in some cases, such as
the California Public Utilities Commissions’ Energy Efficiency Base-
line Analysis [8], to explore possible pathways for existing build-
ings to adopt more relevant baselines, such as by attributing
existing building baselines for the remainder of the useful life of
the measure, and including code baseline savings for the remain-
der of the life of the measure.
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Appendix A – Energy Efficiency Measure Lists
End Use System Element

Equipment
Equipment
Equipment
Equipment
Equipment

OAS) Equipment
ng Equipment

Equipment
-cooler Equipment

Equipment
Equipment
Equipment
Equipment

er valves Equipment
Equipment
Equipment
Equipment

g Equipment
Equipment
Equipment
Equipment

m windows, secondary glazing systems, awnings) Equipment
Equipment
Controls

) Controls
Controls

curves) Controls
Controls
Controls
Controls
Controls
Controls

s) Controls
curacy Controls

Controls
Controls
Controls
Controls



Table A2
Top-ranked energy efficiency measures (EEMs) per utility partners.

EEM Brief Description

LED luminaires Integrated LED fixtures replacing baseline troffers on a one-to-one basis. Efficacy of 110 lm/watt or greater and
maximum power of 35 W per fixture.

LED luminaires with occupancy controls Luminaire level lighting controls (LLLCs) with occupancy sensor on-board each fixture. In private offices the
fixtures turn off when vacancy is detected. In open office zones, the fixtures dim to 30% when vacancy is
detected, and when an entire zone is vacant all fixtures turn off.

LED luminaires with daylight dimming controls Continuous daylight dimming via onboard photosensor at each LED fixture to maintain target illuminance
setpoint.

Zone level HVAC occupancy controls, setpoint reset Use of LLLCs and onboard occupancy sensors at each fixture to inform the HVAC system of zone occupancy.
When a zone is unoccupied during the workday, implement zone setpoint setbacks (2.8C up for cooling and
2.8C down for heating setpoints).

Zonal demand control ventilation (DCV) by occupancy DCV based on actual numbers of occupants in space, counted by LLLCs occupancy sensors (some regions
require CO2 sensors). Measure designed to maintain CO2 levels below 1000 ppm (assuming 400 ppm ambient)
during scheduled occupied hours. Minimum ventilation = 0.25 CMH / 0.1 square meter. DCV ventilation = zone
floor area � 0.10 CMH + occupancy number � 8.5CMH.

Intermittent ventilation* When the variable air volume (VAV) terminal box is in a period of low flow, alternate the box on and off to
provide minimum ventilation requirement (staged VAV box operation to provide ventilation (on/off, every
30 min.)

Variable Air Volume (VAV) terminal box minimum
retuning

From a baseline of 30% minimum flow setting at the VAV box, re-tune minimum flow to 15%. In operation the
actual minimum will be 15% or the outdoor air minimum of 0.010 CMH / 0.1 square meter, whichever is
greater.

HVAC temperature setback and lighting power
reduction for Demand Response (DR)

Global cooling setpoint adjustment up to 26.1C during DR events. Lighting power universally reduced by 20%
during events.

Ceiling fan with programmable control, smart
thermostat with reset

Install 1 ceiling fan per 37.2 square meters, assumed to run at 27 W / fan for 1.5 m fans run at 75% speed.
Ceiling fans turn on automatically and cooling setpoint increases 2.2C during occupied hours when the zone is
in cooling mode and using chilled water for at least 1 h (i.e. fans do not operate when in economizer mode
with outside air only).

Demand response (DR) controls with smart ceiling
fans

Same as above, with a cooling setpoint increase of 3.3C, with ceiling fans on, during the DR event.

Chilled water thermal storage time of use (TOU)
controls*

Chilled water storage tanks, sized to meet 25% of cooling load for the period of summer peak (i.e. noon� 6PM).
Prioritize tank discharge over chiller operation during peak summer pricing. Prioritize charging of tanks via
waterside economizer when conditions allow, charging via chiller operation on overnight off-peak otherwise.

Demand response (DR) controls with chilled water Same as above; additionally prioritize discharge over chiller operation during DR events (when in cooling

(continued on next page)

Table A1 (continued)

Building System Type EEM Name End Use System Element

HVAC RTU optimal start Controls
HVAC RTU optimization package - compressor speed reduction Controls
HVAC Furnace fan controls Controls
HVAC Modulate flow through heat exchangers (Plate and Frame) Controls
HVAC Multiple Air Handling Unit (AHU) fan sequencing to reduce peak coincident load Controls
HVAC Add VFDs to secondary loop pumps Controls
HVAC Demand Response (DR) RTU controller Controls
HVAC Daytime extra cooling controls - concurrent with peak renewable energy generation Controls
HVAC Pre-ventilation of spaces prior to renewable generation decrease Controls
HVAC Demand Control Ventilation (DCV) Controls
HVAC Variable Air Volume (VAV) box, occupancy and setback controls Controls
HVAC Zonal DCV Controls
HVAC Thermostat setpoint change Controls
HVAC Supply air temperature reset Controls
HVAC Duct static pressure reset control Controls
HVAC Duct static pressure tuning Controls
HVAC VAV box minimum flow reset Controls
HVAC Small commercial Energy Management System (EMS) Controls
HVAC Model predictive control (MPC) HVAC software Controls
HVAC HVAC with dynamic energy and demand optimization Controls
HVAC Advanced Measurement & Verification (M&V) / Fault Detection and Diagnostics (FDD) services Controls
Plug loads Central laptop/monitor control Controls
Plug loads Server power management Controls
HVAC Server room temperature reset Controls
HVAC Enthalpy wheel relief air energy recovery Support. Devices
HVAC Exhaust air heat recovery coil coupled with outside air preheating coil Support. Devices
HVAC Server closet exhaust retrofit Support. Devices
HVAC Chilled water storage - optimized for outside air daytime use and peak renewable generation Support. Devices
HVAC Hydronic thermal energy storage Support. Devices
HVAC Ice tank thermal energy storage Support. Devices
HVAC Phase Change Material (PCM) ’tank’ storage Support. Devices
HVAC PCM in drop ceiling Support. Devices
HVAC Battery storage Support. Devices
HVAC Duct work sealant and insulation Distribution
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Table A2 (continued)

EEM Brief Description

thermal storage* mode).
Chilled water return use for outside air preheat Installation of additional air handler coil for circulation of chilled water return to preheat outside air. Active

when outside air temp. lower than chilled water return temp.
Waterside free cooling, (in combination with chilled

water thermal storage)*
Run waterside system in economizer mode to generate chilled water without chiller operation (economizer
assumed to be integrated). Pump and fans on cooling tower to operate when condenser water supply temp is
at or below 7.2 – 8.3C (indicative - will depend on required chilled water supply temp.), to enable provision of
chilled water to thermal storage via chilled water circuit. Only recommended for climate zones where wet
bulb temp is below 12.8C for 3,000 h or more per year.

ASHRAE Guideline 36 economizer controls Depending on baseline; reset fixed dry bulb temp. to 20.6C, 23.3F, or 22.8 – 26.1C (varies by CA climate zone)
for economizer high limit cut-off.

Asterisk (‘‘*”) indicates measures that were used in packages developed for project, but that were not included in the 16 packages covered in this paper.
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