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Abstract To accomplish net-zero carbon emissions
in the built environment by 2050, we must equitably
decarbonize commercial buildings, including reducing
plug and process loads (PPLs). PPLs are plug-in or
hardwired electric and gas loads that are not associ-
ated with major building end uses like lighting and
HVAC. Research shows PPL energy reduction strate-
gies and control technologies have the potential to
save energy. But even when implemented, these sav-
ings have rarely been achieved and there has not been
widespread uptake in U.S. commercial buildings. We
investigate why these technologies and strategies have
not seen widespread adoption and identify behavior and
technology pathways to increase PPL reduction in U.S.
commercial buildings. We examined behaviors of com-
mercial building stakeholders through 44 interviews
and cross-referenced qualitative analysis findings with
in-depth technical knowledge of existing PPL control
technologies and reduction strategies.
PPL control implementation must be paired with man-
agement strategies, such as occupant engagement and
training, to achieve optimal savings, and best practices
should be disseminated across the industry. We found
that increasing access to cost and energy savings data
will promote uptake of PPL control technologies and
allow designers to better incorporate PPLs into build-
ing design. Improving access to funding for PPL energy
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efficiency projects and addressing the split-incentive
problem will increase adoption of PPL efficiency and
control. Code bodies should continue to include PPL
monitoring and reduction measures in energy codes.
Key building stakeholders, including cybersecurity and
information technology teams, should be involved in
PPL monitoring and reduction strategy processes for
successful implementation.

Keywords Plug and process loads · Miscellaneous
electric loads · Energy efficiency · Commercial
buildings · Adoption pathways · Behavioral influences

Introduction

Commercial buildings accounted for approximately
18% of total energy consumption in the U.S. in 2022
(U.S. Energy Information Administration, 2024) and
16% of national greenhouse gas (GHG) emissions
(U.S. Energy Information Administration, 2023), mak-
ing them pivotal in addressing the global climate cri-
sis. Plug and process loads (PPLs), or miscellaneous
loads, are plug-in and hardwired electric and gas loads
in a commercial building that are not associated with
another major building end use, such as lighting, water
heating, or heating, ventilation, and air conditioning
(HVAC). This end use includes devices like computers
and printers, and larger loads like kitchen equipment,
vertical transportation, and medical imaging equip-
ment. Other common terms used to describe a subset of
the end use include plug loads and miscellaneous elec-
tric loads (MELs). Both of these terms refer to electric
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loads only: plug loads include all plug-in electric loads,
while MELs encompass all electric plug-in and hard-
wired loads not associated with another major building
end use.

On average, PPLs constitute 28% of whole-commer-
cial building energy consumption, and that figure is
expected to increase as more PPL devices and equip-
ment are added to buildings while other end uses con-
tinue to become more energy efficient (U.S. Energy
Information Administration, 2023). This end use enco-
mpasses a diverse range of occupant-dependent equip-
ment and device types, most of which are integral to
the daily operations of commercial buildings.

Historically, HVAC and lighting have been the pri-
mary targets for energy reduction by commercial build-
ing energy managers, as these end uses have had high
consumption, and there are a variety of commercial-
ized HVAC and lighting efficiency and control tech-
nologies available on the market. Energy consumption
of PPLs, however, has not been as widely and thor-
oughly addressed through efficiency and control mea-
sures despite the potential for significant savings that
could be achieved by powering non-critical PPLs off
during unoccupied hours. PPL efficiency and control
refers to the management, minimization, and optimiza-
tion of PPL energy consumption in a commercial build-
ing through energy efficiency improvements, such as
installation of efficient devices, and implementation of
control technologies that power PPL devices down or
reduce their power draw when not in use.

In a commercial building, PPLs are a challenging
end use to manage as there are hundreds to thousands
of occupant-dependent individual PPLs ranging from
small energy consumers, such as coffee makers, to
high energy equipment, such as elevators. The scale
of PPLs makes individual control difficult to imple-
ment and manage. Additionally, one-size-fits-all con-
trol technologies and reduction strategies are often not
appropriate for PPLs due to the breadth of device types
captured within the end use. Some research also sug-
gests that improperly implementing reduction strate-
gies and control technologies on devices and equip-
ment that occupants regularly interact with can result
in unsuccessful deployment (Kandt & Langner, 2019).
However, little has been studied or documented about
the factors that influence PPL efficiency and control
adoption in U.S. commercial buildings.

In this study, we examine the current state of the
market, and identify drivers, barriers, and pathways to

more widespread PPL efficiency and control uptake
to provide valuable insights for commercial building
stakeholders, such as building owners, facility man-
agers, policy makers, and researchers by answering the
following research questions:

1. What is the current state of PPL efficiency and con-
trol?

(a) What or who is driving the implementation?
(b) What strategies are currently being imple-

mented to reduce PPL energy consumption?

2. What are the drivers and barriers to current PPL
efficiency and control strategies?

3. Moving forward, what are the recommendations for
commercial building stakeholders to achieve PPL
reduction?

In the Background section, we discuss past and
present PPL control technologies and reduction strate-
gies, followed by a literature review. In the Methodol-
ogy section, we detail the stakeholder interview process
and the qualitative data analysis that was conducted to
highlight the major drivers and barriers, which are then
discussed in the Results sections. The Discussion sec-
tion describes pathways to PPL efficiency and control
in commercial buildings.

Background

PPL reduction strategies and control technologies

There are many methods that commercial building
owners and operators can employ to manage PPLs. This
section provides a high-level overview of the histori-
cal and present PPL reduction strategies and control
technologies.

Reduction strategies

Reduction strategies refer to the occupant-enacted,
deliberate reduction or shutdown of non-essential PPLs
when not in use, such as during the building’s unoc-
cupied hours. Strategies in this category include occu-
pant awareness programs, such as training sessions and
informational campaigns to educate occupants about
the energy impact of PPLs. Communication and sig-
nage reminding occupants to turn off PPLs when not
in use are often part of these programs, as well as
PPL champions that organize and promote PPL energy-
saving initiatives. Often, these programs are tied to the
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implementation of a PPL control technology (Jenkins
et al., 2019). Also in this category are gamification
and incentive programs that recognize occupants for
energy-saving behaviors, which have been shown to be
effective at reducing energy consumption and develop-
ing energy stewards (Hafer et al., 2018).

Another strategy involves procuring and installing
energy-efficient PPLs. As devices and equipment become
inherently more efficient through manufacturer-
implemented improvements, replacing PPLs at the
end of their life with more efficient models presents
an opportunity for savings. Many PPLs now come
equipped with low-power modes or sleep settings.
Ensuring these features are enabled during installation
or commissioning can further enhance energy savings.

Control technologies

There are several types of PPL control technologies,
also referred to as plug load management (PLM) or
plug load control (PLC) technologies, all of which cut
power to PPL devices automatically to reduce standby
energy consumption. Advanced power strips (APSs)
are separate power strips that can be controlled manu-
ally or with sensors to shut off power to specific PPLs
(Fig. 1). There are many APS providers and varieties
that come with different capabilities to meet different
needs. For example, depending on the APS purchased,
there may be wireless transmission and energy moni-
toring capability (Earle & Sparn, 2012). This technol-
ogy is most effective for controlling specific devices,
rather than the whole building, and allows the linking
of multiple appliances under the same control.

There are two technologies used as PLM systems.
The first are smart outlets, which are plugged into
existing outlets and measure plug load energy usage
(Fig. 2). They wirelessly transmit data and can be con-
trolled to turn power on or off. This technology is effec-
tive for automatically controlling devices based on a
schedule and understanding full building and device-
specific energy usage and behavior. Often, data can be
accessed via an online dashboard or smartphone appli-
cation. Additionally, some smart outlet systems use
machine learning algorithms that can predict schedules
(Trenbath et al., 2020), while others can apply controls
based on occupancy sensor data. There are buttons built
directly into smart outlets that allow the in-room user to
instantaneously override the control and turn on power
delivery through the outlet.

Fig. 1 Advanced Power Strip. Photo by Werner Slocum, NREL
46058

Automatic receptacle controls (ARCs) are also used
as PLM systems, and they automatically turn off power
to receptacles using signals from occupancy sensors,
control schedules, or other building systems (Fig. 3).
This technology meets energy code requirements spec-
ified in ASHRAE Standard 90.1, the International
Energy Conservation Code (IECC), and California
Title 24. They are best suited for plug-in devices that
only need to be operational when the building is occu-
pied. Like smart outlets, there are often buttons built
directly into ARCs for users to override control and turn
on power through the receptacle. Manufacturers offer
multiple ARC configurations for controlling either one
or both outlets in a duplex ARC.

Integration of PPL control systems with other build-
ing controls may provide increased energy savings
compared to PLC alone, and a few of these PPL inte-
gration projects have emerged over the past 3-5 years.

Fig. 2 Smart outlet. Photo from WattIQ
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Fig. 3 Automatic receptacle control. Photo from Legrand.

PPL control technologies are often good candidates
for integration with lighting control systems because
they can leverage occupancy sensor data that is already
employed by the lighting control system (Davalos et al.,
2020; Integrated Controls for Plug Loads and Light-
ing Systems, 2022). Integration of PPL control tech-
nologies with the building automation system (BAS) is
even less common. This technology is actively being
researched, with demonstration of integration between
smart outlets and BAS at a university campus showing
66% energy savings (Chia et al., 2023).

To date, most PLC technologies cut off the power
supply to PPLs at the outlet to save energy. However,
not all devices are suitable for on/off controls provided
by these technologies. This is due to several factors,
such as the need to maintain network connection or the
risk of component damage if powered off at the outlet.
For PPLs where on/off controls are not suitable, sleep
settings can be a viable option for achieving energy
savings.

Literature review

PPL efficiency and control adoption

There have been limited studies conducted on the adop-
tion of PPL efficiency and control. Tekler et al. con-

ducted focus groups and online surveys to investigate
adoption of PLM systems in office buildings (Tekler et
al., 2021). Among the concerns expressed in the study,
participants were worried that an automated PLM sys-
tem would be difficult to use, may turn off their plug
loads when they are in use, and may affect their current
workflow. Study participants selected intuitive, easy-
to-use, and easy-to-integrate with other management
systems as the attributes of an ideal PLM system.

Occupant behavior and engagement have been iden-
tified as key factors for PLM system adoption in several
studies. A PLM system field study published by Kandt
and Langner found that building occupants became
frustrated with the PLM system due to schedule con-
trols that were incompatible with their device needs
and unplugged the PLM devices to override controls,
leading to decreased energy savings and unfavorable
payback. The researchers cited operations staff engage-
ment with both the PLM system and building occu-
pants as a key contributor to the success of PLM sys-
tem implementation (Kandt & Langner, 2019). Hafer
et al. implemented a PLM system with active occu-
pant engagement technology to enable participants to
view their consumption, remotely control devices, set
schedules, and engage in a game (Hafer et al., 2018).
The results showed 21% savings in average daily con-
sumption, and demonstrated that occupant engagement
was an effective strategy when paired with a PLM
system.

There are limited, formal studies that investigate or
document the influence of occupant behavior on PPL
efficiency and control adoption. Anecdotally, speaking
with building owners and operators we have learned
that occupant pushback has historically been a signif-
icant barrier to adoption of control technologies and
reduction strategies. There is more literature available
(see Section “Commercial building energy efficiency
adoption”) on the impact of occupant behavior on tech-
nology adoption in commercial buildings, in general.
Though they do not explicitly investigate or describe
PPL efficiency and control, their findings may be appli-
cable to PPL adoption.

Commercial building energy efficiency adoption

As noted in the previous section, few studies have
explored the adoption of PPL efficiency and control
measures. This section examines the factors influenc-
ing the adoption of efficiency practices and technolo-
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gies in commercial buildings, which may also affect
PPL efficiency and control implementation.

As is the case with PPLs, occupant behavior is
also a factor in non-PPL efficiency and control tech-
nology adoption, as well as in commercial building
energy efficiency in general. Zhang et al. estimated
the whole-building energy-saving potential of occupant
behavior in commercial buildings to be 5-30% (Zhang
et al., 2018). Like PPLs, eco-feedback and gamifica-
tion can be effective methods to influence occupant
behavior to achieve greater energy efficiency (Paone
& Bacher, 2018). Technology design can be a factor
in adoption as non-intuitive design can impede occu-
pants’ ability to use the technology, as was the case
for thermostats in an office field study (Karjalainen
& Koistinen, 2007). Additionally, so-called “robust”
design techniques make commercial building energy
consumption less sensitive to occupant behavior, and
do not require building occupants to understand how
the building’s systems work to use them properly. An
energy simulation study by Karjalainen showed that a
“careless user” consumes 75-79% less energy in build-
ings with robust design solutions compared to ordinary
design solutions. They also argued that the design of
energy-efficient buildings could benefit from using a
realistic view of occupant behavior (i.e., reducing the
burden on occupants to understand building operations
or take energy-saving actions) (Karjalainen, 2016).
Furthermore, there is a need for occupant data, includ-
ing behavior and patterns, to inform building design
and modeling (Ahn & Park, 2016; Delzendeh et al.,
2017).

Several other studies have investigated the non-
occupant behavior factors impacting energy efficiency
technology adoption in commercial buildings. Hanus
et al. found that owners and managers prioritize corpo-
rate social responsibility (CSR) when making energy
efficiency decisions, whereas experts, such as consul-
tants, do not emphasize CSR and are more concerned
with costs, such as energy and labor costs, and retain-
ing tenants (Hanus et al., 2018). Papagiannidis and
Marikyan found that labor force skills, the readiness of
organizational structure, and compatibility of existing
technological infrastructure with smart devices impact
smart technology adoption. In addition, they found that
a company’s culture can influence whether they make
changes toward more intelligent buildings, and that
company management may believe smart technologies
pose security, financial, or other threats (Papagianni-

dis & Marikyan, 2020). Hanus et al. identified four key
non-technical barriers to energy efficiency investment
decision-making in data centers: low energy efficiency
saliency in information technology (IT) staff, technical
risk aversion, lack of knowledge, and time discount-
ing. Proposed interventions to address these barriers
include increasing awareness of energy-efficient prod-
ucts, technologies, and services; establishing an energy
efficiency champion; and demonstrating a multitude
of benefits from energy efficiency measures (Hanus
et al., 2023). Andrews and Krogmann found newer,
larger, more energy-intensive, owner-occupied build-
ings to be those most likely to adopt energy-efficient
heating, cooling, window, and lighting technologies
because they can afford installation costs (Andrews &
Krogmann, 2009). They cite the split-incentive prob-
lem as a key factor affecting adoption–rental build-
ings are less likely to adopt energy–efficient tech-
nologies. The split-incentive problem (also referred to
as the principal-agent problem) in commercial build-
ings refers to a relationship between landlord and ten-
ant in traditional leasing agreements in which capi-
tal improvements that yield energy savings result in
one party paying for the improvements while the other
party receives the benefit of reduced utility costs. This
is a well-documented, international problem in both
the commercial and residential sectors, and there are
numerous proposed solutions, including green lease
structures, regulatory solutions like minimum perfor-
mance standards or green building codes, disclosure of
energy performance during the buying and leasing pro-
cess, building sub-metering, and financial incentives
designed for renters (Bird & Hernández, 2012; Joint
Research Centre (European Commission) et al., 2017;
Miller, 2010; White et al., 2020).

Policy plays an important role in the adoption of
building energy efficiency practices and technologies,
though policy decisions are out of scope of this paper.
Ensuring a well-functioning policy mix is especially
important (Rosenow et al., 2016). There are gener-
ally three categories for policies: mandatory, voluntary,
and economic incentives. Each has its own challenges:
mandatory policies require resources to enforce, volun-
tary policies are highly dependent on the enthusiasm
of stakeholders to be effective, and economic incen-
tives require consistent funding (Shen et al., 2016).
Björklund et al. identified policy opportunities for the
transition to energy-efficient and zero-carbon build-
ings in the European Union (EU), finding that volun-
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tary policy instruments should be complemented by
mandatory instruments to promote policy uptake. Fur-
thermore, new policy instruments tend to be devel-
oped most commonly at the regional/local level, and
there is limited diffusion and coordination between
governance levels, thus limiting sharing of best prac-
tices within multilevel systems (Björklund et al., 2023).
Additionally, Mills found that a more focused and
coherent policy strategy may improve the adoption
of residential heat pump water heaters in the U.S.
(Mills, 2022).

Building energy codes, like ASHRAE 90.1, IECC
and Title 24, also play an important role in the adop-
tion of energy efficiency practices and technologies.
Schwartz and Krarti found code requirements to be
among the common characteristics for highly adopted
sustainable energy technologies in the U.S. residential
building sector (Schwartz & Krarti, 2022). Codes have
also been found to drive product innovation (Vaughan
& Turner, 2013) and can increase energy-efficient prod-
ucts available on the market.

Adoption theories

There are several formal theories that describe the
adoption of new behaviors and technologies. Rogers’
Diffusion of Innovation (DOI) theory explains how an
idea or product diffuses over time, and establishes five
adopter categories: Innovators, early adopters, early
majority, late majority, and laggards.When promot-
ing an innovation or product, it is important to con-
sider your audience with regards to these adopter cate-
gories. Rogers’ DOI also proposes five characteristics
that make a technology more or less readily adoptable:
Relative advantage, compatibility, complexity, triala-
bility, and observability (Rogers Everett, 1962). These
characteristics have been used to explain the adoption
of many energy efficiency technology measures, and
researchers have published additions to Rogers’ key
characteristics (Outcault et al., 2022).

The Unified Theory of Acceptance and Use of Tech-
nology (UTAUT) explains behavior related to stake-
holder expectation and buy-in of new technologies with
four key constructs (Venkatesh et al., 2003):

• Performance expectancy: The extent to which a per-
son expects that utilizing the system will improve
their work performance.

• Effort expectancy: How simple or easy an individ-
ual finds using the system.

• Social influence: The extent to which a person feels
that significant individuals in their life think they
should adopt the new system.

• Facilitating conditions: The belief that the organi-
zational and technical resources necessary to sup-
port the system’s use are in place.

Cowan and Daim found parallels between UTAUT
and the adoption of energy-efficient lighting (LED)
technology. Namely, future energy price expectancies,
actual savings results, and ease of energy savings, as
well as social influences such as perceptions of envi-
ronmental friendliness, policies, incentives and educa-
tional programs are key factors influencing adoption
(Cowan & Daim, 2013).

Although there is no existing literature on the appli-
cation of Rogers’ DOI or the UTAUT to PPL tech-
nology adoption, these theories have been utilized for
other energy efficiency measures and could similarly
be applied to PPLs.

Methodology

We addressed the research questions using qualita-
tive research methods including semi-structured inter-
views, as well as coding and categorizing of the
response narratives. The codes and categories plus our
technical PPL expertise led to the conclusions pre-
sented in this paper. We used grounded theory to ana-
lyze the data (Glaser & Strauss, 1967) and collected
data using two methods: 1) individual interviews with
commercial building stakeholders, and 2) a workshop
with members of the smart buildings industry. We
developed a detailed questionnaire (Appendix A and
Appendix B) before data collection to maintain con-
sistency during interviews and the workshop. Study
participants were divided into eight categories based
on their background and their interactions with com-
mercial buildings, as listed in Table 1. The participants
were not required to have any PPL background knowl-
edge to be invited to an interview or the workshop. The
reasoning is that most participants will regularly work
or visit commercial buildings with PPLs, and therefore
can affect the amount of their building’s PPL energy
consumption.

The first method was one-on-one, virtual interviews
where we gathered participants from various commer-
cial building stakeholder categories. We recruited inter-
view participants using an online form that we dis-
tributed to commercial building stakeholders via exist-
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Table 1 Interview and workshop participant categories

Category Definition Interview Participant
Count

Workshop Participant
Count

Total Participant
Count

Building Occupant Occupants of office buildings 3 0 3

Building Owner Owners of one or more commer-
cial buildings

4 4 8

Consultant Consultant in the commercial
building industry

0 1 1

Design Engineer Mechanical or electrical engi-
neers working for a commercial
building design firm

4 2 6

Facility Manager Facility managers for one or
more commercial buildings

4 5 9

Lighting Industry Lighting manufacturer, light-
ing manufacturer representative,
lighting industry expert

4 0 4

Sustainability Manager Sustainability managers for
municipality

2 0 2

Technology Company Building energy management
technology company

1 10 11

Total 22 22 44

ing email distribution lists, colleague contacts, and
professional social media (LinkedIn) posts. The form
required name and email, along with optional details
like their organization’s primary category, job role at
their organization, and whether they were concerned
about PPL efficiency and control. We received 32
form submissions and selected 22 participants based
on achieving an even distribution by participant cate-
gory.

We interviewed each participant using a semi-
structured interview approach. At the beginning of each
interview, we provided some context, including back-
ground of the study, but did not provide any infor-
mation on PPL reduction strategies to reduce bias.
For each category, we asked the participants the same
questions, and we noted their responses. Participants
responded about their current and prior experiences
with PPLs, how they make energy efficiency deci-
sions, whether they monitor PPLs, and what they see
as drivers and barriers for PPL efficiency and con-
trol (see Appendix A for full list of interview ques-
tions). We asked follow-up questions if the intervie-
wee provided content that we, as researchers, deter-
mined additional information was necessary. Most of
these follow-up questions were about occupant behav-
iors, building or leadership policies, and organization-
specific questions. The interviews lasted about 30 min-

utes and included two research team members: one to
ask the questions, and the other to take notes.

In the second method, we collected data through a
workshop with members of a smart buildings industry
group. This workshop was open to all members of the
group and 22 members participated. We provided the
workshop participants with a brief introduction to PPLs
and summarized the study to ensure all participants had
a basic understanding of the role and scope of PPLs in
their commercial building. To help with comprehen-
sive data collection, we randomly separated workshop
participants into three breakout groups with 7-9 partici-
pants each. Each breakout group also had two members
of the research team, one to facilitate discussion and the
other to take notes. We used Google Jamboards to pose
a set of 7 questions to each group (see Appendix B), and
participants responded to questions using sticky notes
on the Jamboards. The notetakers recorded additional
discussion, feedback and insights from participants.

We analyzed data collected through both the inter-
view process and the workshop using similar meth-
ods. The response “phrases” were tabulated from notes
taken by the research team and sticky note contents
from the workshop Jamboards. The stakeholder cat-
egory and the corresponding question accompanied
each phrase; the responders name was excluded dur-
ing analysis. For categorization, we then took an iter-
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Table 2 Barrier and driver theme definitions

Theme Definition

Awareness Familiarity with PPLs, its energy use, and reduction strategies.

Company Goals The company has established sustainability, energy efficiency, or energy/ emissions reduction goals related
to PPLs, the individual building, or building portfolio.

Data Availability of information for use by building stakeholders to make decisions.

Deferred Responsibility None of the parties involved are willing to make energy efficiency decisions, leading to nothing being done.

Funding Availability of monetary resources with which to make energy efficiency or control upgrades.

Occupant Behavior Actions and habits of occupants influence the usage patterns of PPLs and can impact control and reduction
strategy implementation and success.

Regulations Established guidelines, rules, or directives imposed by authorities to govern and standardize practices related
to the energy efficiency and controls of PPLs.

ative approach to assign a “theme” to each of the
participant’s responses in order to analyze them all
together (Glaser & Strauss, 1967). The first iteration
of the themes was specific and relied on wording of
the phrase such as “Energy codes are single motiva-
tor in product offering.” Based on this first iteration,
the team grouped the response phrases into wider sub-
jects to reveal broader themes. In this step, the example
theme provided earlier became “Regulations: Codes.”
Finally, all the responses were split into theme and sub-
theme where the theme captures the broader topic of the
phrase, and the sub-theme captures the specific aspect
of the topic. In this iteration, phrases were also cate-
gorized as either a barrier or driver to capture which
the speaker was identifying. Tables 2 and 3 show the
theme and sub-theme definitions we developed as part
of the analysis process.

Results

Current state of the market

Current drivers of PPL efficiency and control
implementation

Several factors currently drive implementation of PPL
efficiency and control. Most common was energy-
efficient procurement strategies. One facility manager
participant said that all vending machines in their
facility were required to be ENERGY STAR-certified:
“Most of vending is third-party contract. These must
be ENERGY STAR.” Another participant said all
new equipment is required to be energy efficient:
“If new equipment is procured, ENERGY STAR or

efficient equipment is procured.” Several participants
mentioned that PPLs are becoming a higher priority
for reduction: “Other low-hanging fruit getting done
makes PPL more important,” and “As buildings become
more efficient, PPLs are larger part of our energy pie.
[We] will eventually need to reduce PPLs as we drive
down future energy [and] GHGs.”

Based on participant feedback, it is also common
for commercial buildings to be sub-metered: “[We]
sub-meter loads as best as possible to evaluate bet-
ter technologies for control or load reduction.” One
building owner participant has required sub-metering
on their tenant spaces specifically for PPL monitor-
ing: “[We] have implemented sub-metering as a ten-
ant requirement to allow for visibility of plug loads.”
Another participant identified monitoring loads as an
area of improvement: “[Our loads] are not monitored.
This would be an area of improvement.” Several par-
ticipants also noted they are not currently monitoring
their PPLs but did not make any indication as to whether
they would in the future.

When it comes to “who” is driving the implemen-
tation, one design engineer participant said it is the
client/building owner: “[The] client has a goal in mind,
and we work with them to get to that goal.” Another
said it depends, and that design engineers play a role by
providing energy-efficient options: “[The] client/owner
decides, in some cases [the] architect. Designers sug-
gest energy-efficient options to explore for projects.”
Another said, “The brokers really drive the decision. If
[the client] needs to position the building on the mar-
ket, they always ask the brokers in terms of what we
are seeing on the market.”
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Table 3 Barrier and driver sub-theme definitions

Theme Sub-theme Definition

Awareness All stakeholders All commercial building stakeholders, including occupants and
decision-makers.

Decision-makers Commercial building facility managers, sustainability managers or
owners.

Occupants Commercial building employees, occupants, tenants, or residents.

Company Goals EE procurement The company has energy-efficient procurement goals or policies for
new PPL devices and equipment.

Emission targets The company has carbon and emissions reduction targets for its
building(s).

ESG The company has established environmental, social, and governance
(ESG) goals.

General energy goals The company has general energy reduction goals for its building(s).

LEED The company is committed to meet the LEED standards for its build-
ing(s).

SDG The company has established sustainable development goals (SDG).

Stakeholder support Building stakeholders whose support ensure successful implemen-
tation of PPL reduction projects.

Data Financial Availability of data that can be used to make financial decisions (e.g.,
cost savings, ROI, payback).

Technical Availability of data that can be used to make technical feasibility
decisions (e.g., metered/measured data), to implement the technolo-
gies, and to inform building design. Even if data is collected, it still
needs to be analyzed to be useful and make decisions.

Deferred Responsibility Building owners’ responsibility Non-building owner participant mentions building owners are
responsible for energy efficiency decisions in commercial buildings.

Commissioning responsibility Participant mentions commissioning agents as being responsible for
energy efficiency decisions.

Communication Participant mentions communication affects energy efficiency deci-
sions.

Leadership’s responsibility Participant mentions company leadership as being responsible for
energy efficiency decisions.

Manufacturers’ responsibility Non-manufacturer participant mentions PPL manufacturers are
responsible for energy efficiency decisions.

MEP industry responsibility Non-MEP (mechanical, industrial, and plumbing) industry partici-
pant mentions the MEP industry are responsible for energy efficiency
decisions.

Procurements’ responsibility Non-procurement team participant mentions a company’s procure-
ment team are responsible for energy efficiency decisions.

Funding Capital Availability of funding from the building owner required to under-
take efficiency upgrades.

Equitable Income level impacts ability and willingness to undertake efficiency
upgrades.

Incentives Availability of third-party funding sources, such as government (fed-
eral, state, city) or utility incentives for efficiency upgrades.

Split-incentive Split incentives between commercial building owner and tenant due
to common lease structures.
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Table 3 continued

Occupant Behavior Invasion of space Occupants with private spaces within the building, such as pri-
vate offices, push back against PPL metering, controls, and/or
reduction strategies because they find them to be intrusive.

Occupant buy-in Occupants do not support or actively participate in PPL metering,
controls, and/or reduction strategies that have been implemented
in their building.

Occupant dissatisfaction with technology Occupants are dissatisfied with some or all features of a PPL
control technology.

Regulations Code implementation or scope Implementation or scope of PPL building energy codes prevents
implementation of PPL energy reduction strategies and/or con-
trol technologies.

Codes Building energy codes impact implementation of PPL energy
reduction strategies and/or control technologies.

Ordinances Local ordinances impact implementation of PPL energy reduc-
tion strategies and/or control technologies.

Voluntary regulations Benchmarks, specifications, and standards impact implementa-
tion of PPL energy reduction strategies and/or control technolo-
gies.

Implemented strategies to reduce PPL energy
consumption

Study participants are currently reducing PPL energy
consumption via plug load control (PLC) and occu-
pant engagement. PLC technologies mentioned include
schedule-based and occupancy-based control ARCs,
and smart outlets. Several participants have used or
are currently using time clock-based controls: “[Using]
time clock [automatic receptacle control] (ARC) is
the majority [of PPL control processes],” and “Select
building receptacles are on a time clock.” Others have
experience using occupancy-based PLC: “[We use]
occupancy-based power strips,” and “Computer moni-
tor and task lamp plug loads [are] controlled by occu-
pancy sensors.” One participant said that in addition to
occupancy-based control, they have used smart plugs:
“Experience with smart plugs and have some plug loads
in our building that are connected to occupancy sen-
sors.” One facility manager participant has experience
with integrated PLC: “BAS controls and lighting con-
trols that control plug loads with occupancy sensors.”

Several participants have engaged building occu-
pants to promote energy efficiency: “[We have con-
ducted an] educational campaign for residents like
fridge magnets – guidance and social media blast for
energy efficiency.” Another building owner participant
mentioned educating occupants about a PLC system in
the buildings: “A net-zero energy building has a system

[where] if computer is not docked, the [occupants] do
not have power to the desk plug loads and task light-
ing. Information was distributed through the property
manager association to tenants.”

While study participants cited load monitoring as
a current driver for PPL efficiency and control, the
data is primarily being collected for all building end
uses through sub-metering: “[I have] experience with
sub-meters and pulling those into analytics software
but rarely is it just plug loads.” For participants sub-
metering their building(s) at the end-use level, some
are not currently using this information to make deci-
sions: “[We have been] increasing our sub-metering to
get a better idea of usage and cost of end-use loads,
but not currently doing a whole lot to manage and con-
trol these devices.” However, a minority of the par-
ticipants are utilizing sub-metered data: “[We] sub-
metered PPLs for buildings including IT rooms, data
centers, lab equipment, data equipment, etc., [and] con-
ducted studies to analyze tenant versus landlord loads.”

Drivers

Figure 4 shows the count of drivers by theme and
sub-theme, and Table 4 shows the most common
driver themes and sub-themes by participant category.
Regulations, Company Goals, and Funding were the
driver themes most mentioned by study participants.
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Fig. 4 Number of driver theme and sub-theme mentions

Design engineers, lighting manufacturers, and technol-
ogy companies all mentioned Energy Codes under the
Regulations theme as a driver most often. One partic-
ipant said, “The only way [PPL efficiency and con-
trol] will work is owner standards or legislation, with
the responsibility on the business that owns the equip-
ment.” Another said, “Our building code provides eas-
ier approval when efficiency equipment is added.”

Lighting manufacturer representatives mentioned
Company Goals most frequently as a driver. The sub-
theme Environmental, Social, and Governance (ESG)

was mentioned by study participants. When asked
about their company’s approach to energy efficiency,
one building owner participant said, “Reason is to
reach various ESG and energy savings targets. ESG
is major driver for business, promised to go carbon
neutral / net zero by 2040.” Another study partic-
ipant said, “[They are] heartened by the fact that
ESG is becoming a big thing. [There are] cities like
New York and Washington D.C. that are focused on
the performance of the building.” Company energy
goals and emissions targets were briefly touched on by

Table 4 Most common driver themes and sub-themes by participant category

Participant Category Theme Sub-theme

Design Engineer Regulations Codes

Building Owner Funding Capital/Incentives

Sustainability Manager Data Technical

Lighting Designer Awareness Decision-Makers

Facility Manager Data Financial

Regulations Ordinances/Codes

Building Occupant Awareness Occupants

Lighting Manufacturer Regulations Codes

Technology Company Regulations Codes

Lighting Manufacturer Rep. Company goals General Energy Goals
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some participants: “New construction – 50% of peo-
ple are very energy conscious and don’t push back
on PLC requirement,” “Organizations that are envi-
ronmentally conscious tend to have better luck with
[PLC] systems,” and “Carbon targets [are] more preva-
lent.” Other driver sub-themes under Company Goals
were focused on energy-efficient equipment procure-
ment. These responses indicate that having focused
and clear company goals drives many efficiency-related
decisions, including PPLs.

Funding was the third most common theme identi-
fied as a driver by participants, with Incentives being the
most frequently referenced sub-theme. When asked to
describe the impact of commercial building codes and
incentives on their PPL approach, one building owner
participant said, “CRE [commercial real estate indus-
try] is still focused on ‘meeting’ not ‘exceeding,’ so if
PPL becomes a baseline requirement or if the incen-
tives reduce cost sufficiently, it will become a higher
priority.” When prompted with the same question, a
facility manager participant said, “It is tough with exist-
ing buildings that were built under older codes. If we
had better incentives, [PLC] would be attractive.” This
speaks to the challenges associated with implementing
PPL control retrofits and offers incentives as a driver
toward greater implementation. Capital funding was
another sub-theme under the Funding driver. One build-
ing owner participant said, “Cost of install is the single
driver.”

Awareness was another prominent theme, with
building occupants and lighting designers citing it as
a driver most often. Participants mentioned educating
occupants as a key driver: “Educating people would be
effective”; “Marketing would encourage the end users,
[such as] building owners to use plug load [controls].”
Another participant said that occupant awareness is key
for any plug load control to be used as designed for
maximum savings: “[There was a] big corporate user
with a big presence that installed their own solution,
and had their own signs and reminders to power down,
primarily when occupants went on vacation.”

Sustainability managers and facility managers are
both driven by Technical and Financial Data, respec-
tively. When asked what drives energy efficiency deci-
sions, a sustainability manager participant said, “Being
able to demonstrate energy savings. The financial case
for investment is essential.” A design engineer partici-
pant explained the importance of return-on-investment
(ROI) data for PLC technology, and that there is a

maximum ROI that will be considered: “Having data
is important. ... As long as the ROI is no more than
2-3 years, the client will consider the technology.” A
technology company participant mentioned studies that
make the financial case for PPL control technologies
as a driver: “[A] credible study of energy effect extrap-
olated to [the] national level would be very helpful in
education. Quantifying effect would be great.” Tech-
nical data was identified by multiple participants as a
driver. When asked how they would reduce PPL energy
consumption in their building, a sustainability manager
participant highlighted the importance of understand-
ing PPL base load, saying simply, “Sub-meter, sub-
meter, sub-meter!” A technology company participant
spoke to the impact that awareness of PPL consumption
could have: “When you have [to] perform an energy
balance and see 30% or more for plug loads, it starts a
conversation.”

Barriers

Figure 5 shows the count of barriers by theme and sub-
theme, and Table 5 shows the most common barrier
themes and sub-themes by participant category. The
barrier themes most mentioned by study participants
were Awareness, Data, Funding, and Company Goals.
Lack of awareness of PPLs was most mentioned by
building occupants, lighting manufacturers and repre-
sentatives, and sustainability managers. One study par-
ticipant cited the culture around energy savings as a
key barrier: “There was not an energy saving culture.
Few people were thinking about it.” This indicates that
lack of awareness of the importance of energy savings
is affecting the success of PPL efficiency and control
implementation.

When asked whether their building monitors PPL
energy use, a facility manager participant said, “[We
used] Trickle Star smart plugs – [there was] confusion
on how to set up the control. [Occupants] need one-
on-one help. Occupants were in charge of the setup.
Once [they] learned, occupants were OK,” demonstrat-
ing that occupants were able to successfully interact
with PPL control technology once they learned how
the system worked. To a similar effect, another partici-
pant said, “End users are pushing back. [I] don’t think
they understand what’s happening in the control situ-
ation. They are concerned their loads will be turned
off when they are expecting them to continue to func-
tion.” A participant in the building occupant category
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Fig. 5 Number of barrier theme and sub-theme mentions

recalls confusion when a PLC system was installed in
their building, saying, “No information was provided
when plug load [control] was installed. It was fairly
easy to use but some occupants were annoyed and did
not use plug load control.” Occupant awareness can be
helpful to avoid occupants circumventing control tech-
nologies, an issue cited by multiple study participants.
One participant said, “People can buy extension cords
and connect to hot [on] plugs. Could be [an] occupant
issue as there is a work-around and they think their

loads are important to run continuously.” Another par-
ticipant simply stated “Another issue is that PLC is so
easy to circumvent” when referring to power strips as
the method by which occupants circumvent the tech-
nology.

Design engineers, sustainability managers, lighting
designers, and facility managers all cited lack of data,
whether Technical or Financial, as a barrier to PPL effi-
ciency and control adoption most frequently. Technical
data is data used to make technical decisions, such as for

Table 5 Most common barrier themes and sub-themes by participant category

Participant Category Theme Sub-theme

Design Engineer Data Technical

Building Owner Funding Split-Incentive

Data Technical/Financial

Sustainability Manager Awareness Decision-Makers

Data Technical

Lighting Designer Data Financial

Facility Manager Data Financial

Building Occupant Awareness Occupants

Lighting Manufacturer Awareness All Stakeholders

Technology Company Deferred Responsibility Building Owners’ Responsibility

Occupant Behavior Invasion of Space

Lighting Manufacturer Rep. Awareness Occupants/All Stakeholders
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building design or prioritizing energy efficiency mea-
sures in an existing building. One design engineer noted
that lack of PPL technical data can lead to other build-
ing systems being overdesigned: “[Design engineers]
assume some plug load value, some of the information
is overdesigned (for example, old CRT [cathode-ray
tube] monitor). [We] need [a] study to find latest/recent
and accurate design data. Most design engineers won’t
spend the time digging for a better number.” Another
design engineer echoed the overdesign sentiment and
added the importance of understanding the relation-
ship between peak PPL energy consumption compared
to the design value: “Understanding real world data
related to peak numbers to design number. [An] energy
model is based on a number for plug load which is a big
guess currently. [We are] 100% conservatively overde-
signing the building.” The lack of technical data for this
application can have significant implications on whole-
building energy consumption through overdesigning of
HVAC systems to meet a higher internal load. A lack
of technical data to promote awareness of PPL energy
consumption was also cited as a barrier: “Lack of data.
[I] found that 30% energy use is surprising. [I] imag-
ined that PPL is a smaller share compared to heating
and cooling processes.”

Financial data is energy savings and ROI for PPL
control systems. One participant said, “[There is] no
data to back up the PLC actual energy savings.”
Another echoed this point but was a bit more specific:
“[I am] unable to find peer-reviewed data on the mea-
sured savings over, say, a full year. Very little data?
So how does one calculate ROI?” One study partici-
pant noted that while there may be some data available
to suggest that PLC saves energy, this is not sufficient
for savings calculations for specific design or retrofit
projects: “There is enough documentation to give an
idea that there is energy savings potential from PLC.
Not enough documentation to show that PLC will have
savings with their specific project.” The last two quotes
indicate that it is not enough to have energy savings
data for PLC. It is the breadth and scale of this data
that is important, both duration (for at least one year)
and variation so design engineers can evaluate savings
potential for their specific project.

Funding was the third most common barrier theme,
and was the most common barrier for building own-
ers, with Split-Incentive coming up most frequently.
This sub-theme references the well-documented split-
incentive problem in traditional commercial building

leases where one party has the capacity to make capi-
tal/energy efficiency improvements to the building, and
the other pays the utility bills and therefore receives any
energy savings benefits. One study participant explains
this problem exactly: “Owners see no benefit from
energy efficiency projects. All the savings are passed
to the tenants.” When asked about their barriers to PPL
efficiency and control implementation, a technology
company participant simply stated, “Split incentives
between landlords and tenants.”

The Stakeholder support sub-theme under Com-
pany Goals was mentioned commonly. Quotes in this
theme and sub-theme refer to barriers from lack of
support of key building stakeholders, with the major-
ity referring to IT departments and their impact on
enabling low-power or sleep settings. One facility man-
ager explained, “Given one of the top action items is
computer and server rooms. [I] tried to get traction
on this with IT, but there was zero interest,” adding
“[I] would like IT to implement some energy effi-
ciency measures such as putting computing equipment
to sleep automatically. Right now, laptops are able to
go to a black screen, but they don’t sleep or hiber-
nate. If [I] try auto-set sleep, IT would ‘correct’ this
[meaning turn the auto-sleep off].” A building owner
said, “IT has control of putting computers and moni-
tors to sleep and the network policies override individ-
ual settings.” Other study participants cited difficul-
ties with getting multiple stakeholders aligned: “Too
many hand-offs and involvement of multiple parties.”
Another said, “[The] Sustainability Team would talk
to building sites about traditional replacements, but for
PPLs [they] would need to talk to Architecture Team
and Technology Team. It’s a different subset of own-
ership with PPL decisions,” indicating that communi-
cation among different teams can be a challenge and
barrier to PPL efficiency and control implementation.

Other common barriers mentioned by technology
company study participants were Deferred Responsi-
bility and Invasion of Space. Deferred responsibility
refers to a lack of willingness of the parties involved in
energy efficiency decisions to take ownership, leading
to nothing being done. There are a variety of parties that
are thought to have responsibility for PPL energy effi-
ciency decisions per the study participants. Most com-
mon are building owners. One participant cited building
owners’ expertise as a reason they play a role in energy
efficiency: “Businesses who lease space use [the] space
as a tool to do their business [and] don’t think about
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energy. They look to the owners as experts in opera-
tion.” Another technology company participant said,
“We feed data and analyses to the customer and their
engineer(s), leaving the decisions to them.”

Several study participants cited Invasion of Space as
a key barrier to PPL controls. These participants said
things like, “Frustration from occupants, especially pri-
vate offices, feel like their space is being taken over
from their control,” and “People don’t want their equip-
ment messed with.” According to these participants,
occupants with private offices were especially likely to
push back against the implementation of PPL control
systems because they felt like the office space was their
own.

Discussion

This qualitative study highlights the major factors
affecting PPL energy efficiency and control adoption
in U.S. commercial buildings. The job function of the
participant directly relates to the drivers and barriers
mentioned for wider adoption of PPL controls. In the
Results section, we analyzed the driver and barrier
mentions by participants using theme and sub-theme
categorization. This analysis resulted in five pathways
toward greater adoption of PPL efficiency and control,
derived from the interviews and workshop: Case stud-
ies, Funding, Data, Codes, and Company goals. We
discuss these pathways in the following subsections.

Pathways

Case studies

Uncertainty of savings was identified as a barrier to
commercial building energy efficiency adoption by
Hanus et al. (2018). This was also a significant bar-
rier to PPL efficiency and control adoption we iden-
tified by speaking with study participants. One of the
major pathways to address the barrier associated with
the lack of available financial data is to conduct rigorous
and widespread technology evaluations in real com-
mercial buildings. Once installed, operated, and moni-
tored, independent evaluators or measurement and ver-
ification (M&V) specialists should analyze the result-
ing data from these PPL technologies. Guidelines and
M&V frameworks such as those from the International
Performance Measurement and Verification Protocol

(IPMVP) should be applied to accurately determine
energy consumption and savings. To address the next
set of awareness barriers and promote effective PPL
efficiency solutions, evaluators should disseminate the
assessed technical and financial data, operational best
practices, and lessons learned. Conducting training ses-
sions, imparting knowledge gained through successful
case studies (written and webinar format), simple com-
missioning how-to guides, and control technology cam-
paigns for various organizations can lead to awareness
among the occupants and decision-makers.

Several studies we reviewed found occupant aware-
ness and engagement to be a key factor in PPL energy
reduction (Hafer et al., 2018; Kandt & Langner, 2019;
Tekler et al., 2021; Zhang et al., 2018). From our inter-
views and the workshop, we found that because PPLs
are a highly occupant-dependent end use, mere PPL
control technology installation in a commercial build-
ing is not effective and requires decision-makers and
occupants to learn how to work effectively with the
technology to achieve maximum benefit. The perfor-
mance expectancy and effort expectancy are not being
communicated to the occupants. Including material for
engaging and educating occupants in the case studies
could address this barrier and result in successful imple-
mentation.

We did not find the type and features of the PPL
control technologies to be a major factor in adoption –
technology features were only mentioned once in the
interviews. This emphasizes the importance of occu-
pant awareness and engagement with the control tech-
nologies for uptake.

Increasing the number of available case studies on
PPL efficiency and control implementations, as well as
disseminating best practices, is essential to overcom-
ing key barriers in the commercial building industry. By
showcasing real-world examples and providing trans-
parent data, these case studies can help reduce uncer-
tainty around savings, enhance awareness, and promote
broader adoption of PPL technologies across diverse
building types.

Funding

Increasing funding opportunities, such as incentives
and rebate programs, is critical to enabling the wides-
pread adoption of PPL efficiency and control measures
in commercial buildings. Multiple studies found avail-
ability of funding to be a significant factor for the imple-
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mentation of commercial building efficiency technolo-
gies (Andrews & Krogmann, 2009; Hanus et al., 2018).
In this study, we spoke with commercial building own-
ers and occupants who mentioned there being a lack
of funding for PPL control technology implementa-
tion. The split-incentive problem was a barrier iden-
tified by Andrews and Krogmann (2009) and Hanus
et al. (2023). Participants in our study pointed to the
split-incentive problem as a barrier to PPL efficiency
and control adoption, as well. The split-incentive prob-
lem is a known issue in traditional commercial building
lease structures that affects energy efficiency projects.
A lot is being done to address the split-incentive prob-
lem, including green leases, and these efforts will
help remove barriers for PPL efficiency and control
implementation in commercial buildings. Green leas-
ing, also known as energy-aligned, energy-efficient, or
high-performance leasing, is the practice of equitably
realigning the costs and benefits of energy and water
efficiency investments for landlords and tenants (White
et al., 2020).

Furthermore, increasing the availability of PPL-
related incentives, including packaged incentives with
other energy efficiency measures and rebate programs
could help commercial buildings overcome these fund-
ing barriers, as well as promote implementations with
favorable payback. This, in turn, will increase the num-
ber of available case studies.

Data

Literature shows there is a need for commercial build-
ing occupant data to inform and improve building
design and modeling (Ahn & Park, 2016; Delzendeh
et al., 2017). Beyond that, our study reveals that design
and modeling will also benefit from comprehensive
PPL baseline consumption data, and will be impor-
tant for addressing the current data gaps that hinder
the adoption of PPL efficiency and control measures.
Several participants cited lack of available data as a bar-
rier to PPL efficiency and control uptake. Participants
mentioned that scarcity of quality and revised technical
data available to designers and facility/sustainability
managers often leads to excessive and overdesigned
infrastructure. A rigorous compilation of updated PPL
baseline and peak consumption for the U.S. commer-
cial building stock could lead to the generation of the
technical data needed for designers and building energy
modelers. This accurate PPL load data can also help

efficient design of other building end uses like HVAC
and lighting.

Codes

Study participants focused on inclusion of PPL mon-
itoring and reduction measures in commercial build-
ing energy codes as an important factor for driving
widespread adoption of PPL control technologies and
ensuring long-term energy efficiency in the sector.
Participants mentioned codes and regulations as key
drivers of getting various PPL control technologies into
commercial buildings. While Hanus et al. also identi-
fied energy codes as a crucial factor for adoption of
commercial building technologies, this insight is rela-
tively novel in the context of PPL literature (Hanus et
al., 2018).

Additionally, successful case studies with favorable
financial performance will encourage code bodies to
continue to include effective PPL monitoring and con-
trols in energy codes.

Company goals

Company goals were mentioned as a key contributor to
the success of PLM system implementation in commer-
cial buildings, and companies should continue to estab-
lish goals related to energy efficiency and emissions
reductions, such as ESG goals, SDGs, and emissions
targets. Some study participants mentioned PPL effi-
ciency and control implementation as being the respon-
sibility of another stakeholder group, and that lack of
implementation is the result of lack of action by the
other stakeholders. This deferred responsibility can be
influenced by gaining buy-in from key stakeholders and
critical implementors (e.g., a building’s cybersecurity
and IT teams, electricians) through things like com-
pany goals. Additionally, establishing a PPL champion
to initiate the PPL control and reduction procurement
and implementation process can help get the necessary
stakeholders on board.

Organizations with ESG goals, SDGs, and emis-
sions targets and/or strong culture around environmen-
tal stewardship may be early adopters of PPL efficiency
and control technologies and strategies. These build-
ings may be best suited to generate initial case stud-
ies that can help members of the early majority and
late majority adopter categories make the business case
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for implementation. Additionally, effectively commu-
nicating these goals to employees and building occu-
pants can create the social influence needed to promote
proper engagement with the technology or strategy.

Limitations and future work

This study has limitations that should be acknowl-
edged. First, the number of participants involved in the
research was limited, which may affect the general-
izability of the findings. A larger sample size would
provide more robust insights into the effectiveness and
adoption of PPL efficiency measures across diverse
commercial buildings.

Second, the study included input from three build-
ing occupants, and did not include input from other
several key stakeholder groups, such as utilities, codes
and standards organizations, and community organi-
zations. The absence of these perspectives may have
resulted in an incomplete understanding of how PPL
efficiency and control measures can be adopted and
supported across various sectors.

Additionally, the study is subject to self-selection
bias, as participants were not randomly selected but
rather opted into the research voluntarily. This may
have resulted in a participant pool that is more engaged
or informed about energy efficiency measures than the
broader population, potentially skewing the findings
toward more favorable views on PPL technologies and
policies.

Lastly, our study concentrated on the adoption of
PPL efficiency and control measures in U.S. commer-
cial buildings. In other regions, variations in infrastruc-
ture, occupant behavior, and PLM practices may lead
to different outcomes, potentially limiting the applica-
bility of our findings in an international context. This
work could be expanded by including a more diverse
participant base, and considering adoption pathways
outside of the U.S.

Conclusion

In this study, we examined the current state of the mar-
ket, and identified drivers, barriers, and pathways to
more widespread PPL efficiency and control uptake.
Based on the interviews with 44 commercial building

stakeholders, we present the following pathways for
achieving increased PPL efficiency and control uptake:

• Case studies: Increasing available PPL efficiency
and control implementation case studies and dis-
seminating best practices across the commercial
building industry.

• Funding: Increasing funding opportunities to imple-
ment PPL efficiency and control, such as incentives
and rebate programs.

• Data: Compiling PPL baseline consumption data
en masse for the whole U.S. commercial building
stock.

• Codes: Continuing to include PPL monitoring and
reduction measures in commercial building energy
codes.

• Company goals: Promoting adoption of company
goals, including but not limited to, ESG, SDG, and
emissions targets.

Although some outcomes may seem intuitive or
expected, the study’s focus on PPL efficiency and con-
trol remains an underresearched area. By documenting
these findings, we highlight new insights into how var-
ious pathways can facilitate broader adoption of PPL
technologies. This is crucial for advancing the field and
providing actionable recommendations for stakehold-
ers.

The study does have limitations, including a rela-
tively small sample size, limited input from key stake-
holder groups, and self-selection bias which may affect
the generalizability of the findings. Furthermore, the
focus on U.S. commercial buildings may limit the
applicability of the results in other regions with dif-
ferent infrastructure and practices.

Future research should aim to include a broader
and more diverse participant base, incorporate perspec-
tives from additional stakeholder groups, and explore
adoption pathways in different international contexts.
Expanding this work will contribute to a more com-
prehensive understanding of PPL efficiency and con-
trol adoption and support the development of strategies
to achieve energy efficiency and emissions reduction
goals on a global scale.

Appendix A Interview Questions

Italicized text indicates a follow-up question.
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A.1 Building Occupant

1. Please describe your company and your role at your
company.
What type of building do you work in?

2. Are you thinking about your impact to the build-
ing’s energy use? Why, or why not?

3. What kinds of plug and process loads do you inter-
act with in your building?

4. How might you, as an occupant, influence a build-
ing’s plug and process load energy use?

5. How would you reduce the energy use of plug and
process loads in your building?

6. Are you making any of these choices now? Why,
or why not?

7. What is currently encouraging you, or what would
encourage you, to reduce a building’s plug and pro-
cess load energy?

8. What is preventing you from reducing a building’s
plug and process load energy?

9. Is there any other information that you would like
us to know?

A.2 Building Owner

1. Please describe your role in your company.
Please describe the company you work for - size,
location, clients.
How long have you been in this role?

2. What is your approach to energy efficiency in your
building(s)?
What is your company’s approach to energy effi-
ciency in your buildings?

3. What are your company’s goals related to energy
efficiency?
How are you planning on achieving these goals?

4. What strategies are you implementing to reduce
your energy bill?

5. What kinds of plug and process loads do you have
in your building(s), and do you monitor their energy
use?

6. How would you reduce the energy use of your plug
and process loads?

7. Are you implementing any of these strategies now?
Why, or why not?

8. Do you have plans to implement any other strategies
in the future? Why, or why not?

9. What is encouraging, or what would encourage,
you to reduce your building’s plug and process load
energy?

10. What is preventing you from reducing your build-
ing’s plug and process load energy?

11. Are there any other projects you’re aware of or
other people we should talk to in this space?

12. Is there any other information that you would like
us to know?

A.3 Design Engineer

1. Please describe your role at your company.
Please describe the company you work for - size,
location, clients.
How long have you been in this role?

2. What types of buildings does your company design?
3. To what extent do you consider energy efficiency

in your design process?
4. Who decides how important energy efficiency is to

a project? The client, design engineer, design com-
pany, etc.
Do the designers try to encourage the client to pur-
sue higher energy efficiency?
Is the client presented with information or data to
help them make these decisions?

5. To what extent do you consider plug and process
loads in your design process?
Has this changed throughout your career? If so,
why has it changed?

6. What plug and process load reduction strategies or
technologies have been implemented in the build-
ings you have designed?
What feedback have you received from the build-
ing(s) about these strategies and technologies?

7. What is encouraging, or what would encourage,
design engineers to reduce a building’s plug and
process load energy?

8. What is preventing design engineers from reducing
a building’s plug and process load energy?

9. Are there other projects you’re aware of or other
people we should talk to who are working in this
space?

10. Is there any other information that you would like
us to know?
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A.4 Facility Manager

1. Please describe your company and your role at your
company.
Please describe the company you work for - size,
location, clients.
How long have you been in this role?

2. What are your company’s goals related to energy
efficiency?
How are you planning on achieving these goals?

3. What is your approach to energy efficiency in your
building(s)?

4. What strategies are you implementing to reduce
your energy bill?

5. What kinds of plug and process loads do you have
in your building(s), and do you monitor their energy
use?

6. How would you reduce the energy use of your plug
and process loads?

7. Are you implementing any of these strategies now?
Why, or why not?

8. Do you have plans to implement any other strategies
in the future? Why, or why not?

9. What is encouraging, or what would encourage,
you to reduce your building’s plug and process load
energy?

10. What is preventing you from reducing your build-
ing’s plug and process load energy?

11. Are there any other projects you’re aware of or
other people we should talk to in this space?

12. Is there any other information that you would like
us to know?

A.5 Lighting Designer

1. Please describe your company and your role at your
company.
Please describe the company you work for - size,
location, clients.
Who are your clients (design firms, building own-
ers, etc.)?
How long have you been in this role?

2. What types of buildings does your company design
for?
Do you primarily provide designs for retrofits or
new construction?

3. What lighting technologies do you include in your
designs?
What considerations do you make when selecting a
technology for a particular project?

4. What plug load management technologies do you
include in your designs?
If none currently, do you have plans to add PLM
technologies? Why or why not?
What feedback have you received from your clients
about these technologies?

5. Have you designed integrated lighting and plug
load control systems?
Who decided to pursue the integration? The client,
the design engineer, the design firm, etc.
Can you tell us about your experience with this
design?

6. Have clients shown interest in plug load control
systems?

7. Are there plug load management system projects
you’re aware of or other people we should talk to
who are working in this space?

8. Is there any other information that you would like
us to know?

A.6 Lighting Technology Company

1. Please describe your company and your role at your
company.
Please describe the company you work for - size,
location, clients.
How long have you been in this role?

2. What lighting control products do you sell?
Which products are most popular?

3. How many buildings are your products in around
the country?

4. What do you consider when developing new prod-
ucts?
What customers do you consider when developing
new products?

5. What plug load control products do you sell?
If none currently, do you have plans to add PLC
products? Why or why not?

6. What is your experience with plug load control sys-
tems?
Have your lighting control products been inte-
grated with plug load control systems?

7. What are the drivers of plug load control technology
adoption?
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8. What is preventing adoption of plug load control
technologies?

9. Are there plug load management system projects
you’re aware of or other people we should talk to
who are working in this space?

10. Is there any other information that you would like
us to know?

A.7 Sustainability Manager

1. Please describe your role in your company.
Please describe the company you work for - size,
location, clients.
How long have you been in this role?

2. What is your approach to energy efficiency in your
building(s)?
What is your company’s approach to energy effi-
ciency in your buildings?

3. What are your company’s goals related to energy
efficiency?
How are you planning on achieving these goals?

4. What strategies are you implementing to reduce
your energy bill?

5. What kinds of plug and process loads do you have
in your building(s), and do you monitor their energy
use?

6. How would you reduce the energy use of your plug
and process loads?

7. Are you implementing any of these strategies now?
Why, or why not?

8. Do you have plans to implement any other strategies
in the future? Why, or why not?

9. What is encouraging, or what would encourage,
you to reduce your building’s plug and process load
energy?

10. What is preventing you from reducing your build-
ing’s plug and process load energy?

11. Are there any other projects you’re aware of or
other people we should talk to in this space?

12. Is there any other information that you would like
us to know?

A.8 Sustainability Program Manager

1. Please describe your organization and your role at
your organization.
Please describe the organization you work for -

size, location, clients. How long have you been in
this role?

2. What are your organization’s goals related to
energy efficiency?
How are you planning on achieving these goals?

3. What buildings do you oversee as part of your pro-
gram?
How many buildings? What types of buildings?

4. What is your organization’s approach to energy effi-
ciency in these building(s)?

5. What plug and process load energy efficiency poli-
cies are implemented in these building(s)?

6. Do you have plans to implement plug and process
load energy efficiency policies in the future? Why,
or why not?

7. What is encouraging, or would encourage, you to
target plug and process load energy reductions in
your building(s)?

8. What is preventing you from targeting plug and
process load energy reductions in your building(s)?

9. Are there any other projects you’re aware of or other
people we should talk to in this space?

10. Is there any other information that you would like
us to know?

A.9 Technology Company

1. Please describe your role at your company.
Please describe the company you work for - size,
location, clients.
How long have you been in this role?

2. What plug load management products do you sell?
3. How many buildings are your products in around

the country?
4. What building types are your products in?
5. Are there certain building types that your products

are best suited for?
6. What customers do you consider when developing

your products?
7. To what extent do you consider small to medium

buildings and/or disadvantaged communities in
your product development process?

8. Can you describe the system procurement and
installation process?
About how long does the process take?

9. What feedback, if any, have you received from
building owners or facility managers about your
products?
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10. Are there plug load management system projects
you’re aware of or other people we should talk to
who are working in this space?

11. Is there any other information that you would like
us to know?

Appendix B Workshop Questions

1. What is your experience with commercial building
plug and process loads (PPLs)?

2a What are your approaches for managing commer-
cial building PPLs?

2b What are your industry peers doing to manage com-
mercial building PPLs?

3 What is your experience with the following aspects
of commercial building PPLs? Post a sticky note
with your name under the category(ies) that apply
to you and briefly describe your experience.

(a) Monitoring
(b) Management Policies
(c) Control Technology
(d) Energy Efficient Procurement

4 How do you decide the priorities on energy-
efficient retrofits in your facility? Where are PPLs
on your list of priorities?

5 What have been the barriers and drivers for com-
mercial building PPL efficiency and control for
you?

6 What feedback have you received from your stake-
holders about PPL control technologies and man-
agement strategies?

7 Describe the impacts of commercial building codes
and incentives on your PPL approach.
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