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1. Introduction and Review

The impact of buildings on energy consumption and greenhouse gas (GHG) emission cannot be
underestimated, yet buildings also offer the greatest opportunity for energy savings and sustainability [1].
Globally, buildings, without including the construction sector, are responsible for 30% of final energy
consumption, and 28% of direct and indirect greenhouse gas (GHG) emissions [2], [3], and amounted to a
combined $422 billion (about $1,300 per person) in electricity bills to the average consumers in the U.S in
2021 [4]. The International Energy Agency (IEA) and the U.S. Energy Information Administration (EIA)
forecast a significant increase in building sector energy consumption [5], [6]. In its 2019 edition of the
International Energy Outlook, the U.S. Energy Information Administration (EIA) predicts that energy
consumption of all buildings in the world will increase by 1.3% annually between 2018 and 2050. Prior to
2018, building sector energy demand rose by approximately 1.1% per annum between 2000 to 2017, chiefly
driven by precipitous increases of floor area of habitable spaces and growing energy intensity of energy
services [7]. This increasing trend has implications for the average household, and also for low-income
families in the U.S. whose energy burden (that is, the percentage of gross household income that goes into
energy bills) is disproportionately higher (8.6%), three times more, than for non-low-income households
[8], [9]. In some cases, the energy burden can be as high as 30% when location and income are considered

(8], [9].

It seems that global efforts toward energy efficiency are hardly enough to catch up with the rate at which
building energy consumption is increasing, as the IEA estimates that efficiency improvements need to reach
an average of 4% per year by 2030 if we are to meet global Net Zero Emissions target by 2050 [10].
Meanwhile, residential and commercial buildings form a substantial unserved market for energy efficiency
[11]. Yet less than 1% of U.S. buildings are improved each year.

Several agencies in the U.S. are working toward building energy efficiency, especially for low-income
households. This includes the Office of State and Community Energy Programs (SCEP) which, among
other things, works to accelerate the deployment of clean energy technologies, improve energy efficiency
of low-income homes, and reduce the cost of energy associated with such households [12]. Similarly, the
Building Technology Office (BTO) is working long-term to reduce the energy use intensity (EUI) of U.S.
buildings by 50% compared to the 2010 baseline, and to minimize building EUI in the short-term by 30%
by 2030 compared to 2010 baseline [13]. This it intends to do by developing, demonstrating, and
accelerating the adoption of affordable technologies, techniques, tools, and services that enable high-
performing, energy-efficient residential and commercial buildings in both new and existing markets. This
would make all homes and buildings operate at peak energy performance, affordable, and provide optimal
health conditions and comfort. On the international front, the IEA proposes that digital products to reduce
building sector energy consumption and GHG emissions are outstanding energy efficiency solutions. [14].

In the different goals and objectives of energy efficiency programs, there is the convergence of technology,
performance, and affordability at the heart of energy efficiency solutions to meet the needs of low-income
households. Meanwhile, there are about 50 million low-income households (44% of households) in the U.S.
that may not be able to afford energy efficiency improvements in their homes. Some of the energy efficiency
programs being implemented to address these concerns include the Better Buildings Initiative [15], Better
Climate Challenge [16] and the Energy Saver [17] programs. However, specific to low-income households
is the foundational program of the SCEP, spanning over 40 years — the Weatherization Assistance Program
(WAP) — which is the single largest residential whole-house energy efficiency program to reduce energy
cost for low-income households in the U.S. through improved energy efficiency [18].



This makes research in energy efficiency solutions for low-income households a subject of grave
importance if we are to meet national energy efficiency goals in the U.S. Yet, central to most building
energy efficiency programs are energy modeling or energy audit software, but the framework for
developing such tools to meet the ever-evolving needs low-income family households are lacking. This
study proposes and expands on a framework of criteria that could be used in residential energy audit for
low-income households. Energy auditors, energy efficiency program administrators and managers, as well
as energy modeling software developers may find it useful in developing, selecting and improving energy
audit or modeling software that addresses the energy and non-energy aspects of residential energy audit for
users and beneficiaries, while meeting the core goals of energy efficiency. The framework will also provide
a qualitative and quantitative description of a list of criteria in the form of a scoring model. With this model,
different energy audit software can be assessed to determine their suitability for specific energy efficiency
program requirements, or an overall score-based capability of the tool based on an aggregate score of all
criteria. This research builds on previous work [19] done by the U.S. Department of Energy (DOE) wherein
select energy audit tools were reviewed to support the establishment of a national building performance
assessment and rating program.

Another aspect of this research will seek to address how to evaluate energy conservation measure (ECM)
lifetimes to develop a repeatable evaluation methodology for ECM lifetimes applied in low-income,
residential energy efficiency programs in the U.S. Understanding how to evaluate ECMs lifetimes is of
paramount importance, and ensures accurate and reliable evaluation methodologies that can help in
effective decision-making, resource allocation, and long-term planning. By including measure lifetime in
the study, this research will establish a systematic and standardized approach that can be applied across a
diverse range of ECMs, enabling consistent, repeatable, and informed decision-making.

1.1 Brief overview of the energy efficiency challenges in the United States

The greatest challenge facing the building sector is high energy consumption as buildings account for 30%
of final energy consumption, [2], and amounted to a combined $422 billion (about $1,300 per person) in
electricity bills to the average U.S. consumers in 2021 [4].

Buildings are also a major contributor to greenhouse gas (GHG) emissions, accounting for 28% of direct
and indirect emissions [3] (29% in the U.S. [20], with two-thirds of this emission coming from the surging
electricity consumption in this sector. Remarkably, since 2000, the rate of electricity consumption in
buildings outpaced carbon efficiency efforts of the power sector by a factor of five [21]. Amid the rising
carbon footprint of buildings, the IEA notes the important role that technology could play in not only
reducing CO, emissions but also improving occupant comfort. For example, using heat pumps for heating
and solar thermal technologies could cut energy use by a factor of four and provide carbon-free heat to
nearly 3 billion people, respectively [21].

The lack of diversification in energy efficiency saving sources is emerging as one of the challenges of
energy efficiency facing the residential sector in the U.S. [22]. Traditionally, energy efficiency has focused
on known areas of high consumption such as lighting and HVAC, with little attention given to plug-in
equipment. Meanwhile, in California, for example, the Natural Resources Defense Council (NRDC) reports
that plug-in loads make up only 12 percent of electrical efficiency programs in the state, even though two-
thirds of California’s residential energy consumption is attributed to plug-in equipment (see Figure 1) [23].
This shows that the rate at which plug-in loads are growing in use in residential buildings is outpacing
appliance efficiency standards. Existing energy efficiency programs are not vigorously pursuing and
capturing these areas, leaving potential saving areas to go unnoticed [22]. Therefore, energy efficiency
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efforts should focus on the whole building and all systems that encompass various end-use applications —
wherever there is potential to save energy.
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Figure 1: Plug-in equipment responsible for approximately two-thirds of California's residential electricity consumption? [23]

Another challenge of energy efficiency is the lack of effort to measure or ensure the persistence or impact
of savings. As governments and organizations spend millions of dollars in energy efficiency measures and
retrofits, it is important to ensure that estimated energy savings are reliable over the lifetime of installed
systems, to meet climate goals and for the purposes of future planning. In the past, the means to measure
actual savings, such as the use of smart meters, were lacking and decision makers relied heavily on
engineering calculations or estimates from economic analysis. The surge in smart meter data and complex
data analytics tools comes with it the ability to monitor changes in building energy consumption or savings
as well as observe their significance and persistence across the entire building [24]. Yet, amid recent
developments in smart metering technologies to enable real-time monitoring and measurement of energy
consumption/savings, little attention is being given to post-retrofit impact of energy efficiency measures.
At an MIT Energy Initiative symposium to tackle needed actions to move energy efficiency forward, “big
data” was identified to play a key role in tracking energy use and monitoring which energy efficiency efforts
are working [25]. This is especially important for energy efficiency programs for low-income households

1 This chart is focused on electricity. Therefore, it includes only a small share of water and space heating energy, which comes primarily from
natural gas in California. Equipment in the Pools and Spas, Lighting, Air Conditioning, and Electric Space Heating categories is mostly hard-
wired to the building, but some is plug-in, such as portable electric spas, plug-in lamps, and portable heaters and air conditioners.
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funded by taxpayer dollars. There must be a way program administrators can measure post-retrofit savings
and other forms of impact.

Affiliated to the lack of effort to measure persistence of savings as described above is the seeming
disconnect between building energy efficiency and GHG emissions reduction goals. Building energy
efficiency has a crucial role to play in meeting climate goals, yet little connection is made between the two
so that it is not clear how meeting the goals of one is helping the other. The goals of energy efficiency must
not only be understood in terms of reducing energy cost/consumption of building occupants or operators,
but in the broader context of reducing or avoiding GHG emissions [22]. For building occupants or operators
who care about positive climate action, this becomes a motivation for collective ownership of organization-
or government-led energy efficiency programs to realize greater benefits.

Other areas of concern which this proposal is partly devoted to solving have to do with energy modeling
software. In a report by the U.S. Department of Energy summarizing some of the gaps and barriers for
implementing residential building energy efficiency strategies, the issues identified regarding energy
modeling software include (1) overprediction in older or existing homes, (2) traditional software more
tailored to equipment sizing, commercial buildings and new buildings, rather than new and existing
residential buildings, and (3) not reliably predicting pre-retrofit energy use and post-retrofit energy savings
[26]. Related to all of this is the limited access to energy utility data, further heightened by privacy concerns
that make it convenient for utilities to deny utility data requests [26]. While this research will not attempt
to solve each individual existing issue with energy modeling software development, especially those
applicable to buildings occupied by low-income families, the framework it proposes will provide directions
that make solutions possible.

1.2 Problem statement

Meeting the needs of low-income households requires that energy auditors or managers carry out energy
audits in accordance with federal or state regulations, using energy audit software or energy modeling tools,
and following standard procedures for carrying out energy audits in residential buildings which make up
about 95% of U.S. building stock and 70% of total square footage of the building stock [27]. Interestingly,
even though U.S. residential buildings are disproportionately higher than commercial (or non-residential)
buildings, there has been in existence for more than two decades standard “procedures for commercial
energy audit” [28] by the American Society for Heating, Refrigeration and Air-Conditioning Engineers
(ASHRAE), but none specifically tailored for residential buildings. While the laid-out procedures for
commercial building energy audits may be applicable to residential buildings, and the general goal of
commercial building energy audits — reduction of energy use and associated cost — may be deemed same
for residential buildings, there is more involved in residential building energy audits than just reducing
energy use and cost. The variability of residential buildings by type — single-family, multifamily, and
mobile homes — and economic levels of building occupants — low-income and non-low-income — require a
more nuanced approach to energy audits that sufficiently captures the complexities of different building
types or occupants. Besides, carrying out energy audits especially in residential buildings may involve or
pose non-energy concerns [29] such as health and safety concerns that need to be captured and addressed
within the scope of energy audits. This is especially true for low-income households. All modern energy
audits rely on energy audit software or other similar computer programs. However, there is hardly a
comprehensive, well-laid-out framework for residential energy audits that energy auditors or energy
managers could follow not only in selecting the most-suitable software for these tasks, but also in addressing



some of the most pertinent energy- and non-energy-related challenges for both the auditors and the
beneficiaries.

Another problem that this proposal seeks to address is the lack of understanding and viable evaluation
methodologies for energy conservation measures (ECMs). The evaluation of ECMs and their lifetimes play
a crucial role in determining the effectiveness and long-term viability of energy efficiency measures. Most
energy modeling software comes with default ECM lifetimes to guide energy auditors in the use of the
software for carrying out energy audits. However, ECMs are always evolving in their technology,
application and persistence (duration during which they are yielding energy savings). Therefore, energy
efficiency program administrators or implementors need to know how to evaluate ECMs, especially their
lifetimes. However, there is no repeatable methodology that provides a systematic and standardized
approach that can be applied across a diverse range of ECMs to enable consistent, reproducible and
informed decision-making.

1.3 Research Significance

The research will contribute to the advancement of knowledge in the field of energy efficiency and provide
practical insights for stakeholders involved in low-income energy efficiency programs and policies.
Specifically, this research holds immense significance in the following ways and for the following reasons:

* Mitigating Energy Poverty: One of the primary drivers behind this research is the urgent need to
alleviate energy poverty among low-income households. A comprehensive multicriteria framework
for energy audit software selection tailored to their specific needs has the potential to significantly
reduce the energy burden on vulnerable households. This, in turn, can lead to improved living
conditions, reduced financial stress, and enhanced well-being for millions of individuals and families.

* A Novel Tool: By providing a new framework for assessing energy audit software and methodology
for evaluating lifetimes of energy conservation measures, energy modeling software developers and
energy efficiency program administrators/managers will have a new approach to going about energy
audits. Also, decision-makers will be able to better understand and analyze the economic viability of
implementing ECMs for a well-informed decision-making process.

* A Whole Impact Approach: Traditional energy assessments have often focused on the energy
aspects of energy efficiency retrofits. This novel framework also considers the non-energy aspects of
energy efficiency not as unintended consequences or benefits, but as deliberate considerations
thereby helping to measure the full range of impacts of residential energy efficiency project for low-
income households.

* Measuring and Verifying Impact: Ensuring the persistence and impact of energy savings is a
critical challenge in energy efficiency programs. This study explores the possibility of a repeatable
methodology for evaluating energy conservation measures to measure and possibly verify energy
savings. By doing so, it ensures the reliability and accountability of energy efficiency efforts, a key
aspect of achieving sustainability and demonstrating program effectiveness.

* Guiding Government Initiatives: Government agencies and policymakers are investing significant
resources in energy efficiency programs for low-income households. This research can provide
valuable guidance and evidence-based insights for the design, implementation, and evaluation of such
programs. By offering practical solutions and methodologies, it can help government initiatives
achieve their energy efficiency and social equity goals more effectively.



1.4 Research Questions

To guide our research efforts, the following research questions will be explored:

* RQ1: How can a comprehensive multicriteria framework for energy audit software selection be
developed and what criteria should be included to meet the specific needs of low-income households
while considering both energy and non-energy factors?

* RQ2: How can the developed framework be tested and demonstrated with existing software for
residential energy audit to show its strengths and weaknesses?

* RQ3: What methodologies can be established to evaluate the lifetimes of energy conservation
measures (ECMs) in residential buildings, especially in the context of low-income households, and
how can these methodologies be made repeatable and standardized?

1.5 Research Goals

The overarching goal of this research is to develop and demonstrate a comprehensive multicriteria
framework for energy audit software, and evaluation methodologies for energy conservation measures that
are tailored for low-income energy efficiency programs. To achieve this goal, the following objectives will
be met:

Objective 1: Develop a comprehensive framework for residential energy audits that addresses the specific
needs and complexities of low-income households, encompassing both energy and non-energy
considerations.

Objective 2: Demonstrate how the framework works with existing energy audit software

Objection 3: To establish a systematic and repeatable methodology for assessing the lifetimes of energy
conservation measures (ECMs) that can be applied across diverse ECM types, with a focus on their
suitability for low-income households.

1.6 Research Scope

This research will primarily focus on low-income households in the United States, recognizing the unique
challenges they face in terms of energy efficiency. The scope of the research encompasses the following
areas:

* Residential Building Types: The research will focus on various types of residential buildings,
including single-family homes, multifamily buildings, and mobile homes, to account for the diversity
of low-income housing in the U.S.

* Energy Audit Framework: The development of a comprehensive energy audit framework will
involve the identification of criteria that address energy-related aspects as well as non-energy factors,
such as health and safety concerns.

* Evaluation of Energy Audit Software: The research will involve the evaluation of energy audit
software and energy modeling tools commonly used in the field to assess their suitability for low-
income energy efficiency programs.

e ECM Evaluation Methodology: A systematic and repeatable methodology for evaluating the
lifetimes of energy conservation measures (ECMs) will be developed and tested, with a focus on
applicability to various ECM types.



Policy and Program Recommendations: The findings of this research will inform
recommendations for policymakers and energy efficiency program administrators to enhance energy
efficiency programs targeting low-income households.

1.7 Organization of thesis

Chapter 2 will review literature on energy efficiency programs and their impact on low-income
households. It will also review existing methods for evaluating or considerations for developing
energy audit software and their limitations. Additionally, a review of existing methodologies for
evaluating energy conservation measures will be conducted to understand existing practices.
Chapter 3 will present the development of a comprehensive framework for energy audit software,
incorporating energy and non-energy factors that consider the needs of both users and beneficiaries.
It will also show the methodology for developing the framework and how to use it.

Chapter 4 will demonstrate the framework with some existing energy audit software and discuss the
findings, showing its strengths and weaknesses.

Chapter 5 will present a systematic approach to evaluating ECMs and how they can be applied to
diverse ECM types. Also, a repeatable and standardized methodology for evaluating ECMs with long
(more than 30 years) lifetime values will be presented.

Chapter 6 will summarize the main findings of this research, highlight its unique contributions to
current knowledge in the area and make recommendations for further research.



2. Ongoing work

2.1 Developing a Comprehensive Multicriteria Framework for Low-Income Household
Energy Audit Software Selection

Research question: How can a comprehensive multicriteria framework for energy audit software
selection be developed and what criteria should be included to meet the specific needs of low-income
households while considering both energy and non-energy factors?

2.1.1 Introduction

In the pursuit of reducing building energy consumption in the United States, the federal government,
through the Department of Energy, has initiated, funded, or endorsed numerous building energy efficiency
initiatives in various states, spanning both public and private sectors [30]. Researchers from diverse
disciplines, including building energy modeling (BEM) and software development, energy-efficient
building materials, energy efficient equipment, and energy efficient design, among others, are examining
various facets of achieving energy efficiency goals in building environments. This research is one that falls
under BEM and BEM software development. Within this field, there exists an underexplored area of
research that stands to greatly benefit from further investigation — namely, the development of a
comprehensive multicriteria framework to guide the development and assessment of energy audit software
suitable for low-income households’ energy efficiency. This framework aims to address not only the unique
needs of low-income households but also takes into consideration both energy-related and non-energy-
related factors.

2.1.1.1 The Energy Audit Process

To delve into and meet the goals of this research, it is important to understand the three steps involved in
the entire value chain of an energy audit project — namely, the pre-audit, audit, and post-audit processes
[31]. Understanding the steps helps to develop a comprehensive framework that holds relevance in each of
the steps. Similarly, a knowledge of three distinct levels of details [32] — Level 1, Level 2 and Level 3 — at
which energy audits could be done is an important component of developing the framework. An ASHRAE
Level 1 Audit is a preliminary audit that involves identifying no- to low-cost saving opportunities based on
a high-level view of potential improvements [32]. In a Level 2 Audit, a more detailed analysis of energy
costs, usage and building characteristics is provided which leads to generating Energy Conservation
Measures (ECMs) that are based on matching budget against costly potential energy savings opportunities.
The Level 3 Audit provides the most thorough of details and includes the most comprehensive financial
and engineering analysis of recommendations for which significant capital investment is required [31], [32].
The proposed framework for this research aims at a minimum of Level 2 audit. Related to the levels of
detail involved in energy audit is the case of whole-building or tailored audit. An energy audit could be
done for a whole building which is the most accurate means of identifying energy savings opportunities in
the building, or could be tailored to specific systems such as lighting or heating, ventilation, and air
conditioning (HVAC) systems if there is a specific energy efficiency retrofit to be considered. However,
the latter could take away from the bigger picture that a whole-building approach can offer [32].

2.1.1.2 The Challenges of Energy Audit

Another aspect of developing a comprehensive framework for energy audit is to understand some of the
challenges that energy auditors face in carrying out or implementing the energy conservation measures of
an energy audit. [33] highlights ten common problems in energy audits based on a survey of 300 energy

10



audits. According to the survey in [33], one of the leading problems is missed improvements and this
happens in about 80% of all audits. The lack of comprehensiveness of audits has often led to not considering
or including important measures such as high-efficiency HVAC and HVAC controls, high-efficiency
domestic hot water, lighting power density and lighting controls, wall or roof insulation and fenestration
improvements [34]. Other top challenges identified in the survey include weak improvement scope, an
absence of life-cycle costing and long improvement life (that is, improvements for which the payback is
longer than the period for which the installation is anticipated to last). A full list of the ten most common
problems and the frequency of their occurrence is shown in Figure 2.

Ten most common problems identified in a survey of
300 energy audits

Missed Improvements

Weak Improvement Scope
Improvement Life Too Long

No Life-Cycle Costing

Poor Improvement Selection

Low (or Missing) Installation Costs
Poor Building Description
Inadequate Billing Analysis
Overestimated Savings

Inadequate Review

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

Frequency of Occurence in Audits

Figure 2: Frequency distribution of the ten most common problems identified in a survey of 300 energy audits [33]
2.1.1.3 The Role of Energy Audit Software

The next step in the framework development process involved establishing the role of energy audit
software, not only in performing its core functions of characterizing and analyzing a building’s
energy usage and providing energy conservation recommendations, but also in addressing some
of the top challenges identified in [33] as well as those related to the 3-step process of energy audits
and the three levels of AHSRAE energy audits. Already, energy audits software, available as
desktop, web- or cloud-based computer programs, are being used to describe buildings, facilities or
processes, and measure and analyze their energy use, as well as assist in identifying areas of operation
where energy waste can be reduced or eliminated. They provide the advantage of high depth of analysis
and rapid delivery of accurate, comprehensive, and cost-effective results or energy efficiency solutions
[35]. Energy audit software makes data entry and processing easy by the way data is collected, analyzed
and reported. Some energy audit software allow a variety of input methods and data types including utility
bills, pictures, building information, and metering and sensor data to create detailed analyses of a facility
or process’ energy performance [36]. Typically, the engine of an energy audit software is a set of algorithms
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that combines building physics, local weather data and economic parameters to simulate sophisticated
building energy use as well as estimate energy efficiency measures in seconds [37]. It also generates reports
that capture distinct aspects of the building’s energy use and provides an action-driven, prioritized list of
recommendations necessary for implementing energy efficiency retrofits [31]. Energy audit software plays
an important role in ensuring that energy auditors are accurate and efficient in their work in a way that
reduces error, saves time and is cost-effective. Building owners, facility managers or energy efficiency
program administrators can also use the reports of energy audit software to identify cost-saving
opportunities and prioritize energy efficiency investments [38].

2.1.1.4 Defining the Criteria for the Framework

Traditional energy audits software appears to have been developed to focus more on the functionality of
the software, with important consideration given to aspects such as accuracy, simulation methods
(algorithms) and detailed energy analysis and output, among others. While these factors are important, they
do not always meet the needs of users and the beneficiaries of the energy conservation measures which the
software provides. For the purposes of meeting the goals of this research which focuses on low-income
households and considers both energy-related and non-energy-related factors, we propose an expanded
framework of a more comprehensive criteria as shown in Figure 3.

Software ser/ Audit Household
e, |
® ¢ kS
~ = - ‘) \
Accuracy Simulation Flexibility Comprehensive User-friendliness Support Impact (savings)

Engine/ Method

(

TR A

Implementation
Time

Sustainability Scalability Integration Cost Accessibility Health & Safety

Figure 3: Framework criteria organized into three main groups

The list of criteria that were used to develop this framework may be organized into three main groups, each
with a different focus. The first group of criteria focuses on the software tool and ensures that the tool is
functional and has the key features that an energy audit software should have. The second group focuses
on the user, and guarantees that the software is accessible and useful to those who use it. The last group
focuses on the main beneficiaries of the energy audit — low-income households/families — and ensures that
their lives are meaningfully impacted by the energy audit.

Each of the criteria of the framework is defined below:

Accuracy: For building energy models generated from simulation based on building descriptors that have
underlining or user-defined assumptions, defining accuracy in ‘exact’ terms may be such a misnomer since
all computer-generated models are, at best, close estimates of actual results when validated against
measured data. The factors that may influence the accuracy of energy models of energy audit software may
include application, scale of application, input data, computational method, calibration and validation
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methods [39]. In our framework, accuracy will be influenced by building descriptors that apply to
residential buildings at the individual building scale, following computational methods that align with
proven and acceptable industry standards.

A known and well-established industry standard is the American National Standards Institute (ANSI) and
ASHRAE Standard 140 which provides a standard method of test for evaluating building energy modeling
(BEM) software [40], [41]. This Standard, which provides a set of test cases and metrics to assess how well
a simulation software predicts a building’s energy usage compared to actual energy usage, plays a critical
role in ensuring that BEM engines give accurate and repeatable test results to developers, energy auditors,
energy consultants, energy engineers and other building energy professionals. Even though the
ANSI/ASHRAE Standard 140 may be applicable to most elements of residential buildings, it was designed
with commercial buildings in mind [42]. Another test procedure more aligned to residential buildings and
closely mimicking the test procedures set out in ANSI/ASHRAE Standard 140 is the Building Energy
Simulation Test for Existing Homes (BESTEST-EX) [43]. BESTEST-EX leverages either building physics
or utility bill calibration to provide test procedures that software developers can use to assess how their
energy audit software performs in modeling energy use and savings in existing homes when utility bills are
available [43]. BESTEST-EX provides a test suite that represents several cases for both the building physics
and calibrated energy savings test procedures. In BESTEST-EX calibration test, an energy modeling or
audit software is tested against itself [44], [45]. Also, tested software can be compared with some of the
most advanced simulation engines such as EnergyPlus, SUNREL and DOE21-1E? a method like ones
previously developed by the National Renewable Energy Laboratory (NREL) and included in
ANSI/ASHRAE Standard 140 [43]. The different cases evaluate a software’s ability to model space heating
loads and space cooling loads in representative heating and cooling climates, respectively, for different
retrofit options [58]. It also includes combined retrofit cases for both heating and cooling climates together
with all the input data for the different cases [47]. A tested energy audit software will be deemed accurate
if its simulation results fall within example acceptance range maxima and minima, indicated by ‘range’
bars. Examples of how the BESTEST-EX tests work are shown in Figure 4 and Figure 5. Here, the blue
and green range bars indicate that the heating tests for gas usage/savings (Figure 4) or cooling test for
electricity usage/savings (Figure 5) predicted by testing three energy modeling software — EnergyPlus,
Sunrel and DOE2.1 — are within acceptable ranges in 9 different cases.

2 SUNREL has been retired (no longer in use) and there are more updated versions of EnergyPlus and DOE-2.
However, the BESTEST-EX has not seen any major update in more than a decade after its development. Regardless,
the procedures employed to develop it are still relevant for modern energy audit software.
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Buildings Physics Heating Tests: Annual Gas Usage or Savings
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Figure 4 Reference simulation results and acceptance criteria of building physics heating tests[45]

Buildings Physics Cooling Tests: Annual Electricity Usage or Savings
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Figure 5 Reference simulation results and acceptance criteria of building physics cooling test [45]

Where the results of a tested software show disagreements with the acceptance range but do not have
significant impact on utility cost, that will not be considered enough basis for writing off the tool as
inaccurate [47].
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Additional procedures to ensure or improve the accuracy of energy modeling software used for energy
audits but not discussed within the scope of our proposed framework may be found in [48].

Simulation Method/Engine: In choosing energy audit software, an equally important consideration as the
accuracy of the tool is the simulation method that is employed in its development [49]. There are three main
approaches to BEM - the physics-based modeling, a semi-physical or hybrid method, and data-driven
approach [50]. The physics-based method uses the principles of physics, taking the whole building as a
system together with the interactions of all internal subsystems as well as external environmental factors to
simulate building energy use [50]. This approach takes input from building descriptors (building geometry,
lighting, water heating, HVAC, construction materials, etc.) and building operation/use (occupancy
schedules, plug-loads, and controls and sensors) and combines them with local weather data, fuel type and
cost, and runs them through physical/mathematical models that could be based on thermodynamics, or mass
and energy balance in order to determine thermal loads, system responses and energy use [51]-[53]. Some
state-of-the-art physics-based simulation engines with open-source licenses and available for free download
include EnergyPlus [54] eQuest, and DOE-2 [55]. Other industry-standard whole-building tools with
proprietary simulation engines or EnergyPlus-based simulation engines include Sefaira Systems®, IES
Virtual Environment®, TRNSYS®, Pleiades® and Simergy® [56], among others. [50] describes some of
the commonly used physics-based software, their modeling process, limitation, advantages and application.
While it is acknowledged that developing detailed physical models is an irksome task, [57] notes the higher
prediction accuracy of the physical model compared to other simulation methods. This is duly considered
in our proposed framework.

The semi-physical or hybrid simulation method uses a first-principle approach to develop physics-based
equations to simulate building energy and then uses statistical methods and experimental data to refine the
model [58], [59]. The hybrid approach is more computationally efficient than the physics-based approach
and is also more flexible and scalable in evaluating energy efficient retrofits in single- or multi-building
systems [60]. This method, which provides the advantages and drawbacks of both the physics-based and
data-driven approach has been used in assessing energy optimization scenarios to determine the right fit for
or balance between HVAC controls or smart-connected systems [58]. The shortcomings of this model,
however, which limits its widespread adoption and use include unclear assumption and theoretical
limitations, confusing model naming convention and structures, vague model creation and lack of a unified
software solution [61].

The data-driven approach is a simple and flexible approach that uses data collected from smart systems and
technologies such as smart sensors and electric appliances to improve energy performance using data
mining techniques [62]. This approach does not rely on building physics to predict energy behavior [63].
The data-driven approach relies on a history of measured or generated data to reveal mathematical
relationships that exist between inputs and output variables using data mining and statistical approaches
[64]. This approach has found use in predicting energy use in buildings with complex HVAC controls and
building systems connected to them [52].

Flexibility: There is not one software that is designed to address all problems. While software programs
are designed to address specific problems, they are not limited to those problems and can often be adapted
to address new challenges as they arise. Therefore, minor changes to the problems they were originally
designed to solve do not necessarily render the software obsolete or unusable [65]. Flexibility in software
engineering relates to the software’s ability to continue to function normally despite uncertainty in input
values or changes in assumption, goals and processes [66]. A flexible software provides a variety of ways
in which the software can be used [67], [68], in addition to being run on different platforms. Software
flexibility allows the tool to be customized to fit the specific needs and circumstances of individual cases
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or scenarios [69]. In our framework, flexibility of an energy audit software would include making the tool
customizable and allowing users to input their own data and assumptions, such as the type of HVAC system,
the age of the appliances, or the local climate.

Comprehensive: There are diverse types of energy that can be used in buildings. The major energy types
are electricity and natural gas, especially in commercial buildings, even though other fuel types such as
fossil fuels (coal, natural gas, or fuel oil) and renewable energy sources (photovoltaic technology,
bioenergy, geothermal, and wind energy). These energy types could also be used to meet energy needs of
buildings that are close together, such as on university campuses or in a city, through a district energy
system [70]. Buildings use energy for various purposes, such as lighting, refrigeration, ventilation, space
cooling and heating, computer operation, cooking, and water heating, among others [71]. The amount of
energy utilized for each application can vary depending on factors such as building type, location, and usage
patterns [72]. To improve energy efficiency and reduce costs, building owners and operators should identify
and optimize energy consumption for each use [73]. Therefore, it is crucial to have a comprehensive
understanding of the ways in which buildings use energy in order to take steps to optimize energy usage
for specific use cases. A comprehensive energy audit software, according to our framework, should be able
to capture and account for the different fuel types used in a building and how they are used. Figure 6 shows
how energy use might be distributed in a residential building by fuel type. Figure 7 and Figure 8 show how
energy use in residential buildings might be distributed by their end-use application in percentage and actual
energy use, respectively. The ability to capture and the extent to which an energy audit software can account
for these variations in energy use determine its comprehensiveness according to our proposed framework.

Shares of major energy sources used in U.S. residential buildings,
2021

Natural gas 4.83
Petroleum _ 0.93
Rencwables - 0.83

Note: Electricity excludes loss generation and delivery. Petroleum includes heating oil, liquefied

petroleum gas (propane), a ene. Renewables includes wood, geothermal energy, and solar energy

Data source: U.S. Energy Information Administration, Monthly Energy Review, Table 2.2, April 2022, preliminary data

for 2021

Figure 6 Distribution of energy used in commercial buildings by energy type (2021) [74]
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Energy end-use in U.S. residential buildings by major end-

uses, 2015
43%
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Data source: U.S. Energy Information Administration, 2015 Residential Energy
Consumption Survey

Figure 7 Distribution of electricity end-use in U.S. residential buildings by application (2015) [74]
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Total primary energy use in buildings = 38.5 Quads

Figure 8 2014 Distribution of primary energy use in residential and commercial buildings [75]
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Integration: Integration of software assesses how different software programs could be combined into one
system so that the different programs are able to share one database [76]. It is important that software
integration allows the different components to communicate with each other to increase efficiency [77].
Some software enable integration on different systems through Application Programming Interfaces (APIs)
which can make cross-platform access possible [78]. In our proposed framework energy audit software
integration will be assessed by how well the tool integrates with other energy-saving systems, renewable
technologies and other programs such as home automation systems and utility rebates — a model that has
been proven to lead to significant energy and cost savings [79]. Consequently, our proposed framework
recognizes that energy audit software must include such functions.

Scalability: Software scalability determines how the software can withstand expansion in database or
increased user activity [80]. It is defined in terms of the software’s capacity to adapt to large volumes of
work and still be able function at its optimum [81], [82]. In scalability testing, factors that are often
considered include response time, that is, the elapsed time between a user’s request and the application’s
response; resource usage — capacity of memory and network bandwidth usage when application is being
fully operated; and throughput — the number of requests that can be processed within a given time [83]-
[85]. Further scalability metrics are highlighted in [86]. Only an extensive scalability test will be able to
address the factors raised [87]. However, for the purpose of our framework, scalability will assess how
easily an energy audit software can be expanded to support a larger number of households, and whether it
can be used in different geographic locations or run on different hardware and software.

Sustainability: This criterion must not be confused with sustainability in software development which
measures the impact of development, deployment and usage of software on the environment, humans,
society, and the economy [88], or Green Software System defined in terms of the energy consumption and
associated carbon footprint and resource utilization of software use on the environment [89]. According to
our framework, this criterion will, however, measure whether the energy audit tool promotes sustainable
energy practices and supports the transition to renewable energy sources [90]. This is in line with Title 10
of the U.S. Code of Federal Regulations, Chapter II, Subchapter D, Part 440 (10 CFR 440.1) which
establishes the scope and purpose of the weatherization assistance program not only to increase energy
efficiency of homes occupied by people in the low-income bracket but also to provide them with renewable
energy technologies or systems [91]. Conventional energy audit has focused on efficiency measures to
reduce energy consumption and associated cost [92] without exploring how renewable energy technologies
such as solar PV systems and solar hot water systems or options could contribute to energy efficiency goals.
However, this criterion seeks to reexamine that. Another aspect of this criterion will be to assess how energy
use or savings is quantified in terms of GHG emissions [93] contribution or prevention not only in
conventional metrics such as tons of COze but in relatable terms such as the emissions contributed or
avoided by the equivalent of a certain number of cars, trucks or ships. Furthermore, sustainability as used
in our framework will consider the social cost of carbon whereby a dollar estimate is given of the economic
cost or damage of what an unabated CO- emission into the atmosphere would have been [94]. Providing
such metrics could play a significant role in getting individuals and organizations to be motivated to act on
such matters which hitherto would have been ignored.

Implementation time: There are about 50 million low-income U.S. households (44% of U.S. households)
[95], [96] and about 38.6 million of these households (77.6%) are eligible for weatherization under WAP.
Yet, only about 100,000 homes (less than 1% of U.S. buildings) are weatherized each year under the
Weatherization Assistance Program [97]. At this rate, it would take approximately 386 years to weatherize
the remaining homes that qualify for weatherization assistance. For this reason, implementation time is one
of the most important consideration factors in our framework as far as low-income households are
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concerned. The implementation time includes data acquisition, input, report output and scope generation.
Data acquisition is facilitated by an audit checklist that is comprehensive enough to guide the walkthrough
and data acquisition phase of an energy audit. An energy audit software should have or generate such a
checklist. The implementation time is also enhanced (reduced) by the ease with which gathered data is fed
into the software. Input is made easier when the software has clear and concise labeling that makes it easy
for users to understand what data is required in each field. Also, the addition of in-built data validation
would ensure that the right data type or format is entered to avoid errors. Where the wrong data is input,
there should be an inline error message to help users quickly identify and correct such errors. An intuitive
and organized user interface would provide users with a clear data flow and make navigation easier. Other
factors of easy data input such as keyboard shortcuts, multi-language support, screen optimization and
contextual help such as tool tips are important but have been included in a criterion named user-friendliness
to avoid redundancy.

After data gathering and input come report output (ECMs) and scope generation. The outputs are related to
how fast the computer can process and generate results from local CPU or receive them from remote servers.
Here the execution time is considered for desktop applications [98]. The execution time should not be
confused with response time as defined under scalability. The execution time of a software refers to the
time spent to execute a job that is actively using processor resources [99]. In our framework, we will
consider execution time of an energy audit software from when a building that has been characterized is
run through the simulation engine to when results are ready. For web- or cloud-based applications, we
consider the round-trip time (RRT) instead of the execution time [100]. The RRT measures the duration
from when a browser sends a request to a remote server to when a response is received from the server
[101]. All these factors, when used together, could determine the implementation time. The importance of
the implementation time is that it helps to determine the number of homes that can be analyzed within a
specified time. For a fair assessment, it is vital to use one set of building characteristics for all software
tools to allow for easy comparison. Regardless, the authors acknowledge that there may be extenuating
circumstances which could impact implementation time but have little to do with a tested software’s
capability or the energy auditor’s competence even when the same software is tested iteratively under the
same experimental conditions [98].

User-friendliness: User-friendliness in software shows whether the tool is easy to use and understand for
users with limited technical expertise. A software’s design is informed by its purpose and users. To provide
the best user experience, developers must stay connected with the software users [102] through research
and feedback. [103] provides a taxonomy of factors to consider for designing applications with user-friendly
interfaces and defines them. The relevant factors of [103]’s taxonomy that have been adopted for our
framework include speed, ease of use, aesthetic appeal, responsiveness, efficiency and smartness. Others
are plugins, security features, error control, update and support.

Support: Software must come with adequate support [104] such as user manuals, customer service, and
training materials that address how to install, launch and use the tool [105]. Support must be given through
online and offline means [103]. Online support [106] includes Frequently Asked Questions (FAQs) and
answers, submitting support tickets, phone communication for technical and business support, online chat,
video calls and webinars, remote connection and emails. Offline support could come in the form of “Getting
Started” manual, user guide, and training sessions. Responses to requests for support must be prompt and
exhaustive to ensure customer satisfaction. Beyond the support that is given by developers to enhance user
experience, the requirements of users play a crucial role in software development as user needs are always
evolving [107]. Therefore, part of the support should also be tailored to providing a continuous feedback
loop whereby users are able to share their experiences and needs [108].
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Cost: The criterion of cost in our framework measures the affordability of the tool for users or beneficiaries.
Different software would have various pricing models [109]. Regarding energy audit software in the U.S.,
most of the software that are developed or sponsored by government bodies and agencies are free to
download and use. These types of software may be available to the public for both expert and untrained
users at no cost. There are other government-agency-approved software that are paid for by government
bodies for use by expert users in carrying out agency funded tasks in a Business to Business (B2B)
transaction [110]. Other cost models which are explored under this criterion include software licensing
[111] with or without maintenance fee, or subscription-based models such as software as a service (SaaS)
[112] with options that include metered usage payment, active user counts, or freemium models — that is,
free trial for limited period or free version with basic, limited functionalities [113], [114].

Accessibility: An accessible software is one that works for all people regardless of hardware, software,
geographic location, language of the user, or physical ability or disability [115]. Our criterion of
accessibility would address the concerns of whether, for example, the tool would be accessible to rural
households or energy auditors who go to work in remote places with limited internet access or other
technological barriers. Also, our definition of accessibility would go beyond having electronic access to the
tool and also measures how a person is able to use what is available. For example, if a person has a physical
or neuromuscular disorder which poses limitation in fine motor control so that such a person would rather
use the keyboard rather than the mouse, will all the functionalities of the software still be accessible from
a keyboard [115]? Moreover, does the choice of colors make it easier for those with color-blindness to
access the software [116]? Addressing disability concerns should also factor in those with hearing,
cognitive, and speech disabilities.

Impact: The impact of an energy audit software, according to our framework, would be measured on
whether it is achieving that for which it was built. For other types of software, impact is measured by the
number of active users, customer acquisition rate, monthly recurring revenue, customer satisfaction,
product engagement or deliverables met [117]. In our framework, the impact of an energy audit software
as it relates to low-income households would be ascertained by whether the tool leads to significant energy
savings and cost reductions for households. Also, there are non-energy impacts (NEIs) that could be
considered such as operations and maintenance savings, occupant comfort, occupant productivity, property
value improvement, and lower debt, among others [118]. While NElIs are certainly useful, some are hard to
quantify [119] and their immediate benefits may not be ascertained readily as a basis for software selection
or scoring. Therefore, NEIs will not be included in our framework except those related to health and safety
which are discussed in the criterion named “Health and Safety (Indoor air-quality).”

Health and Safety (Indoor air-quality): This criterion discusses the health and safety aspect of NEI that
stems from energy-audit-based retrofit, with focus on the occupant [120]. We consider that energy audit
software should provide building occupants with greater control of the building, reduce unwanted
temperature variations, and improve the indoor air quality, among others [121]. However, the health and
safety aspects of energy audits for building occupants should not come as unintended benefits; an energy
audit software should be intentionally designed to address such concerns. This could be implemented by
including a checklist that checks for symptoms often associated with building-related health concerns [122].
Additionally, there could also be observation checklists to observe or evaluate the presence of lead, moisture
and mold, radon, formaldehyde and volatile organic compounds (VOCs), pest infestation as well as safety
hazards, bearing in mind the nature of the occupants — elderly, disabled, children, etc.
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2.1.2 Preliminary results

From the framework of 14 criteria is a tabular matrix containing over 50 factors that have been organized
under the various criteria. The matrix has been developed to be used qualitatively and quantitatively.

2.1.2.1 Qualitative Framework

A qualitative framework was developed from the definitions given for each criterion. Three- or four-letter
code names are assigned to each of the criteria, and the factors and subfactors that are used to measure
individual criteria are given in numerical and alphabetical lists, respectively, as shown in Table 1, Table 2
and Table 3. The combination of criteria code names (shown in parentheses on the right of the criteria
names) and the numbering of factors and subfactors under them were used to generate unique identities for
each of the factors and subfactors of the different criteria. This nomenclature is used in the Quantitative
Framework in Table 4, Table 5, and Table 6. For example, ACY-2 (in Table 4) is linked to the second factor
under Accuracy in Table 1 (i.e., BESTEST-EX reference simulation results and acceptance criteria), and
SME-1-B (in Table 4) links to a hybrid approach simulation method/engine in Table 1. The difference
between the Quantitative Framework and the Quantitative Framework is that the former is without scores
while the latter has scores for each of the factors and/or subfactors.

Table 1 Outline of measuring factors in qualitative framework for software-focused criteria.

Software-focused Criteria (Part A)
Accuracy (ACY) Simulation = Method/ | Flexibility (FLEX) Comprehensiveness
Engine (SME) (COM)

1. Meets 1. Simulation 1. Allows 1. Accounts for
ANSI/ASHRAE Method customization  of different fuel types
Standard 140 A. Physics-based data input and [2. Accounts for

2. Meets BESTEST- B. Hybrid method assumptions renewable energy
EX reference C. Data-driven resources
simulation results | 2. Engine 3. Provides end-use
and acceptance A. Known open- energy distribution
criteria source state-of-

the-art engine.
B. Proprietary
Software-focused Criteria (Part B)
Integration (INT) Scalability (SCAL) Sustainability (SUS) Implementation Time
(TIME)

1. Integrates with | 1. Can support many [1. Can explore |1. Provides an audit
home automation buildings. renewable energy checklist to
systems. 2. Usable in various technologies. facilitate data

2. Integrates with locations 2. Quantifies energy gathering.
utility rebates. 3. Can be run on usage in terms of [2. Clear and concise

3. Integrates with different software/ GHG labeling to help
renewable energy hardware emissions/savings. users  understand
technologies 3. GHS required data input

emission/savings fields.

metrics are | 3. In-built data

relatable. validation to ensure
4. Provides net-zero the right data type

energy/emission and format is

measures entered.
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5. Estimates the social
cost of carbon.

4,

7. “What is the RRT

Inline error
message to identify
and correct errors
Intuitive user
interface
*How long does it
take to run a two-
story, 3-bedroom,
single family
home?
A < 10
seconds
B. > 10
seconds

core-

core-

for running a two-
story, 3-bedroom,

single family
home?

A. < 100
milliseconds

B. > 100
milliseconds

Table 2 Outline of measuring factors in qualitative framework for user-focused criteria.

User-focused Criteria
User-friendliness (USE) Support (SUP) Accessibility Cost (COST)
(ASB)

1. Installing and | 1. The software | 1. Software 1. Software is free to
uninstalling was fast and comes with a user Availability user  with  full
easy. manual. A. Online mode features in a non-
A. Yes 2. Training materials only B2B transaction
B. No (videos and B. Offline 2. Paid software
C. N/A (for web or webinars) are mode only A. Has a limited

cloud-based provided/available C. Offline and free-trial
applications) for wuse of the online version  with

2. Application  provides software. modes full features.
keyboard shortcuts. 3. Thereareemailsor | 2. All software B. Has free version

3. Navigating pages and online chats or features are with limited
input fields is possible FAQs and answers available from a features with no
using the tab key to help resolve keyboard. time restrictions

4. The choice of design problems 3. Features and C. Has a limited
colors is appealing and reports are free-trial

3 Applicable for desktop applications
 Applicable for web-based applications
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poses no problem to the | 4. There is a phone

eye number to call for
5. Font type and size are support

readable. 5. There is a means to
6. Icons and shapes are provide feedback

understandable. to developers

7. No issues with viewing
the tool on different
devices (laptop, tablet,
desktop)

8. Running the application
does not affect using
other activities.

9. lItis easier to select items
from menus.

10. It is easier to search for
information.

11. Could use the
application without
having to refer to user
guide often.

12. The application works
well with [external]
mouse and keyboard

13. Software does not crash
during use.

14. Software comes with
regular updates and bug
fixes

accessible to version with

color-blind limited features.

persons D. Has no free trial
version

Table 3 Outline of measuring factors in qualitative model for household-focused criteria

Household-focused Criteria

Impact (savings) (IMP) Health and Safety (HS)

1.

cost savings that is
A. Significantly lower than predicted (more

than 25% less 2.

B. Around what was predicted (within 25%
margin of error) 3.

C. Significantly above what was predicted
(more than 25% higher) 4.
5.

ECMs generated by software lead to energy and | 1.

Software has checklists to inspect general
health hazards such as mold, moisture, lead,
radon, etc.

Software helps to inspect safety concerns
related to injury prevention.

Software checks safety of the elderly, disabled
and children.

Software checks safety related to structural
integrity of building.

Software checks safety related to fire and
electrical safety

2.1.2.2 A Quantitative Framework
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The nomenclature rule for the coding system, as used in the quantitative framework, follows the order
XXX-X-X or XXXX-X-X where the first three or four characters represent the criteria names; the character
that follows is a number that corresponds exactly to the numbered list of factors under the criteria used in
the qualitative framework tables 2 to 4; and the last character, if any, is a letter representing the subfactors
in the same matching order. The tables in the qualitative and quantitative frameworks have been developed
to match in that Table 4 matches Table 1, Table 5 matches Table 2, and Table 6 matches Table 3. When it
comes to the scoring in the quantitative framework, scores are assigned to each factor or subfactor based
on how heavy they weigh in assessing the criteria under which they fall. For example, ACY-1 (score of 10)
is twice as important a factor in assessing the accuracy of an energy audit software as ACY-2 (score of 5).
In other criteria such as comprehensiveness, and health and safety, all factors have equal weights. That is,
COM-1 = COM-2 = COM-3 = 5 and HS-1 = HS-2 = HS-3 = HS-4 = HS-5 = 2. The varied factors of a
criterion may be summed up to give an aggregate score of each criterion. For example, the factors for
assessing scalability and sustainability add up to 13 and 14, respectively. Even though factors are additive
in determining the aggregate score of a criterion, the subfactors are not. For example, under simulation
method/engine, only one option is possible and may be chosen from SME-1-A, SME-1-B or SME-1-C. The
same applies to the subfactors SME-2-A and SME-2-B. Subfactors are non-additive because of the
competing objectives or conflicting trade-offs that exist among the options.

Table 4 Binary score model of software-focused criteria

Software-focused Criteria (Part A)
Accuracy (ACY) Simulation = Method/ | Flexibility (FLEX) Comprehensiveness
Engine (SME) (COM)
ACY-1 10 SME-1-A | 10 FLEX 5 COM-1 5
ACY-2 5 SME-1-B | 6 COM-2 5
SME-1-C | 4 COM-3 5
SME-2-A | 3
SME-2-B |2
Software-focused Criteria (Part B)
Integration (INT) Scalability (SCAL) Sustainability (SUS) Implementation Time
(TIME)
INT-1 3 SCAL-1 5 SUS-1 5 TIME-1 2
INT-2 3 SCAL-2 5 SuUS-2 4 TIME-2 3
INT-3 3 SCAL-3 3 SUS-3 3 TIME-3 4
SUS-4 2 TIME-4 4
SUS-5 2 TIME-5 3
TIME-6-A |5
TIME-6-B | 3
TIME-7-A | 5
TIME-7-B | 3

Table 5 Binary score model of user-focused criteria

User- or Energy-Auditor-focused Criteria
User-friendliness (USE) | Support (SUP) Accessibility (ASB) Cost (COST)
USE-1-A |3 SUP-1 |5 ASB-1-A |3 COST-1 |5
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USE-1-B 1 SUP-2 3 ASB-1-B |2 COST-2-A | 4
USE-1-C> - SUP-3 4 ASB-1-C |5 COST-2-B | 3
USE-2 1 SUP-4 2 ASB-2 2 COST-2-C | 2
USE-3 1 ASB-3 2 COST-2-D | 1
USE-4 2
USE-5 2
USE-6 1
USE-7 3
USE-8 2
USE-9 1
USE-10 1
USE-11 2
USE-12 1
USE-13 2
USE-14 3
Table 6 Binary score model household-focused criteria
Household-focused Criteria

Impact (savings) (IMP) Health and Safety (HS)
IMP-1-A 5 HS-1 2
IMP-1-B 10 HS-2 2
IMP-1-C 7 HS-3 2

HS-4 2

HS-5 2

2.1.2.3 Possible Use Cases of the Model

This model is only a theoretical proposition that is yet to be assessed with actual energy audit software.
However, a few use cases may be possible with it. Software developers could apply it to develop new
building energy modeling or energy audit software as well as in improving existing software. This could
be done by targeting specific criteria of interest where improvement is needed or all the criteria for a truly
holistic assessment. Also, energy efficiency agencies and organizations, program managers and certifying
bodies could use this framework to determine and approve energy audit software for use in their energy
efficiency programs.

2.1.3 Proposal of remaining work

The framework lacks flexibility and the scores for each factor are intended to be used in a binary approach
(all-or-nothing) with no provision for partial credit or partial scores, as the factors in the qualitative
framework are listed in a way that should be answered in yes/no or true/false responses. There is no room
for subjectivity in the scoring model. However, this may not be the case during an actual use or test case.
One viable way around this limitation is to use a weighted multicriteria decision analysis (MCDA) for

5 USE-1 subfactors are only applicable to desktop applications. Therefore, choosing USE-1-C removes all USE-1
factors from consideration in the scoring model.
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scoring different software where the aggregate scores of each criterion in our framework are used as
weights. Furthermore, the value function method could be used to assign scores to the directly measurable
criteria that are quantifiable in known units such as cost in dollar terms. The direct rating method may then
be used to score the criteria for which the value function approach is not possible such as health and safety,
or accessibility. This helps to convert the model from a binary scoring model to a continuous scoring model,
allowing for partial credit or partial scores to be awarded based on the degree of correctness or accuracy of
the responses to the factors. This is because a continuous scoring model will accommodate subtleties or
nuances in the factors and make room for variability in scoring.

Further work is required in testing the model with different energy audit software. This will be the focus of
research question #2 as the framework is used to develop new energy software, assess and improve existing
energy audit software, as well as certify software tools for use in energy efficiency programs.

2.2 Testing and Assessing a Framework for Residential Energy Audit with Existing
Software: Strengths and Weaknesses

Research question #2: How can the developed framework be tested and demonstrated with existing
software for residential energy audit? What are the strengths and weaknesses of the framework?

2.2.1 Introduction

The development of a framework for developing and testing energy audit software, though a good first-
step, is not the end goal. The framework itself needs to be tested. One way of testing the framework is to
do so against sample energy audit software that is available on the market. Selected software must meet set
criteria, the most important of which is the ability to characterize and analyze residential buildings energy
performance [19]. Any other features or characteristics of the selected software that would constitute their
strengths and weakness pertaining to the criteria established in the framework would be determined during
the testing.

To select energy audit software for testing our framework, it was important to establish the criteria of our
framework and how the selected software would be tested against them. This has been done and discussed
under Section 2.1.1. The ability to test a software against our framework also hinges on the availability of
the software. For this purpose, we selected only software that were available for free or with free trials for
a set period of time, usually 14-30 days. Per this selection criteria, a number of energy analysis software
were identified. These include Home Energy Saver (HES) Pro managed by Lawrence Berkeley National
Laboratory (LBNL), Home Energy Yardstick by Energy Star®, eQuest®, OptiMiser®, TREAT,
EnergyGuage® by the University of Florida’s Florida Solar Energy Center (FSEC), REM/Rate™ Desktop
by NORESCO LLC, TREAT® by PSD, and the Weatherization Assistant suite of software (NEAT, MHEA
and MULTEA) co-developed and managed by the Oak Ridge National Laboratory (ORNL). Out of this
list, the final three that were selected for testing were REM/RATE™, TREAT and Weatherization
Assistant. This was due to the suitability of these software for assessing the residential building types that
low-income families are more likely to occupy — single family, manufactured housing, and multifamily
buildings. Our choice of selected software is confirmed by the DOE-approved energy audit tools for use in
WAP as provided in the Weatherization Program Notice (WPN 19-4), Attachment 3 [123]. See Table 7.
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Table 7: DOE-approved expedited energy audit tools [124]

SINGLE FAMILY MANUFACTURED SMALL MULTIFAMILY (5-24 UNITS, EACH UNIT LARGE MULTIFAMILY (25+ UNITS OR
(1-4 UNITS) HOUSING SEPARATELY HEATED/COOLED) CENTRAL MECHANICAL SYSTEMS)
Developer: Association for Energy Affordability (AEA), New York, NY
EA-QUIP
YES NO YES YES
Developer: JAI Software, Farmingdale, ME
ECOS
YES YES NO NO
Developer: Lawrence Berkeley National Laboratory (LBNL), Berkeley, CA
EQUEST
NO NO YES YES
Developer: OptiMiser LLC, Denver, CO
OPTIMISER
YES YES NO NO
Developer: NORESCO, LLC, Boulder, CO
REM
YES YES YES YES
Developer: Performance Systems Development (PSD), Ithaca, NY
TREAT

YES YES YES YES

Developer: Oak Ridge National Laboratory (ORNL), Oak Ridge, TN
WEATHERIZATION

ASSISTANT
NEAT and MulITEA approved only for buildings MuITEA approved only for buildings
(NEAT, MHEA, AND NEAT approved MHEA approved with individually heated and cooled dwelling with individually heated and cooled
MULTEA) units dwelling units

"YES" means that the audit tool has been previously approved for this housing stock

"NO" means that the audit tool has not been previously approved for this housing type or that it is not designed for this housing type

We acknowledge that there may be other suitable software that meet the selection criteria we used in our
final set which were unknown to us at the time of this research. Also, our choice of software used in our
test is in no way an endorsement of their utmost suitability for energy analysis or audits. They are simply
for research purposes. Also, given the amount of time involved and the extensiveness of the testing
anticipated, it was necessary to settle on just a few pieces of software that would best serve our research
goals.

2.2.2 Preliminary results

No actual testing has been done yet but the results of the testing may be summarized as a matrix as shown
in Table 8. Discussions will also be provided to highlight significant findings that emerge from the testing.

Table 8: Energy Audit Software Assessment Matrix

Criteria | Software A | Software B | Software C
General Information
Vendor

Targeted User

Primary Use

Availability

Accuracy

ANSI/ASHRAE 140 standard
BESTEST-EX

Simulation Method/Engine
Simulation Method |
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Simulation Engine

Flexibility

Customization

Assumption

Comprehensiveness

Variety of fuel types

Renewable energy resources

End-use energy distribution

Integration

Home automation systems

Utility rebates

Renewable energy technologies

Scalability

Supports many buildings

Multi-location usage

Runs on different systems

Sustainability

Explores RETs

Quantifies energy in GHG

Provides relatable GHG metrics

Provides net-zero measures

Estimates social cost of carbon

Implementation time

Provides audit checklist

Clear and concise labeling

Inbuilt data validation

Inline error message

Intuitive user interface

Reference runtime (core-seconds
or RRT in milliseconds)

User-friendliness

Ease of installation

Keyboard shortcuts

Ease of navigation

Design colors and effect on eyes

Font readability

Intuitive icons/shapes

Device/screen
compatibility/responsiveness of
application

Non-interference of application

Ease of menu selection

Search function

Ease of application use

External hardware compatibility

Application stability

Updates and bug fixes

User support

User manual
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Training materials
Online support
Phone support
Customer feedback
Accessibility
Software availability
Accessibility of features
Disability-friendly
Cost
Free to user
Not free but has:
A. Free-trial with full
features
B. Free version with
limited features
C. Free-trial with limited
features
D. No free-trial version
Impact (savings)
Actual savings < predicted
(more than 25% less)
Actual savings close to predicted
Actual savings > predicted
(more than 25% higher)
Health and Safety
Health hazard (mold, moisture,
lead, etc.) inspection checklist
Injury prevention checklist
Safety of elderly, disabled,
children
Structural integrity safety
Fire and electrical safety

2.2.3 Proposal of remaining work

The remaining work to be done in this research is the actual testing of the framework by building upon the
work done in Section 2.1. Already, three energy audit software have been identified as mentioned in Section
2.2.1. The strengths and weaknesses of these software will be assessed in light of the framework.
Conversely, in the process, we hope to also learn the strengths and weaknesses of the framework in
assessing these software in order to refine it. Our goal is to populate Table 8 to create a comprehensive and
insightful matrix of software assessment to highlight significant findings from the testing process. This
matrix will help in quantifying and comparing the strengths and weaknesses of the evaluated software tools.
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2.3 Establishing Repeatable and Standardized Methodologies for Evaluating the Lifetimes
of Energy Conservation Measures in Low-Income Residential Buildings

Research question: What methodologies can be established to evaluate the lifetimes of energy conservation
measures (ECMs) in residential buildings, especially in the context of low-income households, and how
can these methodologies be made repeatable and standardized?

2.3.1 Introduction

The evaluation of measure lifetimes plays a crucial role in determining the effectiveness and long-
term viability of energy efficiency measures. Understanding how long these measures are expected
to last is necessary for determining their economic feasibility, whether to go ahead with their
implementation, as well as meeting the overall energy efficiency goals.

2.3.1.1 Definition of Measure Lifetime

The lifetime of an energy conservation measure (ECM) or measure lifetime may be defined in terms of its
effective useful life (EUL) [125] which is the median length of time that an installed measure is performing
its function and yielding energy savings [126]. A simple way to understand the median length of time is to
think of it in terms of the time period for which half of the measures of the same kind will remain in use
and half would have stopped functioning for a given sample installations. However, it is important to note
that this definition may not fully capture the nuances associated with certain types of measures, such as
building envelope measures.

For these types of measures, the measure lifetime concept can become more complex, as it depends on
various factors, including the condition of the existing infrastructure, the quality of the retrofit installation,
and evolving technology standards. Retrofits may have varying lifetimes depending on these factors and
may not always align with the traditional EUL concept.

EUL has two components — the technical life and the measure persistence. The technical life refers to the
average length of time that the measure is operational [126]. It is based on engineering tests under standard
operating conditions. Therefore, any unfavorable condition or unrecommended use of the measure such as
those related to climate, maintenance and installation could affect its technical life [127]. Measure
persistence measures the actual time that the measure lasts when factors such as home turnover, early
retirement of installed equipment, or retrofits and remodeling, are considered [125], [127].

2.3.1.2 Review of Established Measure Lifetime Methodologies

Literature provides different sources and methodologies for measure lifetimes. However, there is no one
established methodology that has been used authoritatively in estimating measure lifetimes. The sources
for lifetime estimates range from complex statistical or probability tools such as survival studies to
interviews and assumptions. Measure lifetime data sources could also come from manufacturer’s warranty,
industry standards, field survey, and laboratory tests such as accelerated aging tests. Computer modeling
and simulation, as well as expert judgement have also been used. These methodologies are often interrelated
in that a measure lifetime from one source/methodology can be used to generate a more realistic or reliable
lifetime data based on another methodology. For example, lifetime values from field surveys could be based
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on expert judgement, survival studies could be based on manufacturer data and field surveys, and expert
judgement could be based on assumptions and/or industry standard.

A few of the often-cited sources and methodologies for ECM lifetimes are detailed below:

Survival Studies

Survival studies is one of several statistical methods that may be used to estimate the expected lifetime of
events (measures) [128]. However, they are the most common statistical approach used in lifetime
estimation. Survival studies can be a source of primary data or secondary data depending on whether
researchers generate new insight from existing data or use published survival studies in their research.

Survival studies are a form of stochastic model based on probability theory and statistical methods that
model the relationship between given inputs and outputs using mathematical functions that best fit the given
data [129]. Generally, survival studies are used to estimate the remaining useful life (RUL) of an event
(equipment or installation). It has application in many fields such in the insurance industry for estimating
when a claim might be expected or when a policy might become invalid, in asset management for estimating
depreciation and value of an asset, or in engineering for estimating the reliability of an equipment or
installation to know when maintenance or replacement might be due. As with most statistical methods,
survival studies are data-driven and rely heavily not only on the availability of data, but also the nature of
the data [130].

Survival studies offer several advantages, and one notable benefit is the utilization of parametric models,
such as Weibull Distributions. A parametric model is a type of statistical model for which one defines the
distribution of probability variables and makes inferences or assumptions about the parameters of the
distribution or form of the data being analyzed [133]. These assumptions, expressed in terms of parameters,
are numerical values that define various characteristics of the distribution. In parametric modeling, it is
assumed that the data follows a known probability distribution with specific parameter values.

Parametric models exhibit high efficiency and flexibility, making them particularly valuable tools in
survival analysis. Unlike some other statistical methods, parametric models can be effectively applied even
when dealing with relatively small sample sizes, which is advantageous in situations where obtaining large
samples may be impractical or costly [131].

However, it is important to note that while parametric models provide these advantages, they also come
with a significant challenge. The primary challenge lies in the selection of the most appropriate distribution
for modeling survival data accurately. The choice of distribution is critical because an incorrect or poorly
fitting distribution can lead to misleading inferences and results. Factors such as the shape of the data and
the underlying assumptions of the chosen distribution must be carefully considered to ensure that the model
aligns with the characteristics of the observed survival times [132].

Survival studies can be applied to the design of various engineering and reliability testing of different groups
of manufactured items, using different types or nature of lifetime data. [134] used national survey data such
as manufacturer data on historical shipment of appliances to US homes and in-use appliances in stock,
obtained from the U.S. Energy Information Agency’s (EIA) Residential Energy Consumption Survey
(RECS 1990, 1993, 1997, 2001, 2005) and the Census Bureau’s American Housing Survey (AHS 1991,
1993, 1995, 1997, 1999, 2001, 2003,2005, 2007) to estimate the lifetimes of residential appliances - central

31



air-conditioners, heat pumps, furnaces, boilers, water heaters, room air-conditioners (RACs), refrigerators,
and freezers. The U.S. Department of Energy (DOE) has utilized this methodology in measure lifetime
estimation as referenced in several its technical support documents (TSDs) on various appliances.

Manufacturer’s Data

Manufacturers’ data are often based on life test data and assume that the minimum design life of a
component should be the same as the useful life of the product [135]. The failure rates of the components
of a product can be used to determine the critical lifetime prediction design parameters and, subsequently,
to provide warranty or guarantee on products or components of products [135].

Manufacturers’ data may provide useful information on how long a product may last (technical life as
defined under Definition of Measure Lifetime) or the mean-time-between-failure (MTBF), but they don’t
always reflect actual use cases.

While there are not many direct uses of manufacturer data solely for measure lifetime estimation, there are
many cases of manufacturer data being used, as starting points, with other techniques or methodologies
such as in survival functions or clustering analysis or data regression, for more reliable lifetime estimates.
For example, research publications on appliance lifetime estimate by the Lawrence Berkeley National
Laboratory — LBNL [134] and TSDs by the U.S. Department of Energy [136] relied on manufacturer data.

Industry Standard

Industry Standard refers to data provided by stakeholder groups or professional organizations with
expertise, interest or business dealings in specific industries. The DOE defines industry standard as the
generally accepted requirements followed by the members of an industry [137]. Developing industry
standards often follow a rigorous, orderly and systematic process because these standards serve as a quality
check or reference point for professionals to follow in decision-making. There are numerous U.S.
organizations developing standards but a few of them that are relevant to this study include the following:

. American National Standards Institute (ANSI): ANSI serves as an administrator and coordinator
of U.S. private sectors standardization system which does not develop standards per se but assesses and
approves standards developed by others [138].

. The American Society of Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE):
ASHRAE develops standards focused on building systems, energy efficiency, indoor air quality,
refrigeration and sustainability within the HVAC&R industry [139].

. The National Institute of Standards and Technology (NIST): NIST is a part of the U.S. Department
of Commerce and provides support for the development and use of standards [140].

The use of industry standards for measure lifetime has many advantages. As in any other industry, using
industry standards can help save time, reduce costs and increase productivity. It also provides a basis for
regulation within an industry and promotes transparency and consistency [141].

Industry standards have frequently served as valuable sources of secondary information in numerous
measure lifetimes studies. A notable source of industry measure lifetimes data is from ASHRAE, especially
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for HVAC units, that is, the ASHRAE HVAC Service Life Database and the ASHRAE Handbook - HVAC
Applications [142]. Measure lifetime information from non-standardization bodies have also been utilized
in the past including those from trade organizations such as Air-Conditioning, Heating, and Refrigeration
Institute (AHRI, formerly ACHRI) and the National Association of Home Builders (NAHB).

Field Survey/Testing

Field survey or testing involves collecting information regarding the actual use and performance of an
equipment or installation that can be generalized to infer or represent its use/performance in other or similar
situations. Field surveys are one of the means used to collect primary data when secondary data is
insufficient or nonexistent [143]. Field survey data can be gathered through personal interviews or survey
instrument (questionnaire), as well as in-person or remotely when the former is inconvenient or unsuitable.
In addition to interviews and survey instrument, field surveys could include a review and analysis of
historical data to determine how long measures have lasted under certain operating conditions, but this
approach would require access to and analysis of a large database of performance or lifetime data to ensure
that valid conclusions are drawn.

One advantage that field surveys have is the human interaction involved [143]. If done in-person rather
than remotely (video or phone surveys), it has the added advantage of adding context to data such as user
behavior regarding use of the measure, how measure was installed, or condition of use, through firsthand
observation, all of which improve the quality of the data gathered. A disadvantage, however, is that field
surveys can be expensive and time-consuming as they could take years to complete. It is also possible to
introduce researcher bias in the survey data.

Many of the measure lifetime reports on energy efficiency retrofits have involved conducting field surveys
as part of monitoring and evaluation of the performance of energy efficiency programs. A few examples
are found in [144] and [145].

Accelerated Aging Test

Accelerated aging test, also known as accelerated life test (ALT) involves using different methods to
shorten the life of a product by accelerating its age through degradation. This is done in order to obtain in
a quick manner the data needed to analyze the product’s life under standard operation. To do this, the
product is subjected to stress under different levels and times — in increasing order — until failure is achieved
or a censoring time is reached [146].

A drawback of this method is the introduction of censoring in the data collection. In an ATL experiment of
manufactured items, for example, it may not be possible to observe the failure of all items under observation
and the observation may need to be terminated before the complete failure of all events, leading to a possible
underestimation of the failure time [146]. This early termination is often a practical necessity due to time
and resource constraints. Consequently, some products in the study may not have failed by the end of the
experiment, leading to a situation known as “censoring.” Censoring simply means that the exact failure
times of these items remain unknown. Therefore, statistical methods that account for censored data, such
as survival analysis, may be used to estimate the product’s lifetime distribution.

This methodology has been widely applied in determining the reliability and lifetime characteristics of
various manufactured products, including mechanical and electronic components [147].
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Modeling and Simulation

Modeling and simulation are data-driven approaches that use large datasets to identify relationships in the
datasets in order to predict future outcomes. Modeling and simulation may utilize various clustering
techniques or different regression models to predict the lifetime of equipment. Datasets that are used for
this type of modeling may come from manufacturer data on warranty or guarantee times, Mean-Time-To-
Failure (MTTF) or Mean-Time-Between-Failure (MTBF) of a Weibull analysis and time-to-failure data
[135]. Where historical data is missing or insufficient, a Monte Carlo Simulation can be used to fill in the
data gaps.

As with all data-driven models, the modeling and simulation approach to measure lifetime estimation may
be highly efficient and inspire more confidence in the prediction values. However, they require large
datasets which are difficult to gather. Not only so, but the data that are used in the training set must come
from different contexts to represent the unique conditions of use in each of the contexts where the predicted
lifetimes values will be applied in actuality and applicable to a wide range of use cases. Furthermore, to
ensure robust predictions applicable across various contexts, the data used in the training set must
encompass a range of conditions, mirroring the diversity of real-world scenarios where predicted lifetime
values will be employed. Otherwise, the models will have a reduced prediction accuracy [148].
Furthermore, lifetime value predictions are only dependable to the extent that the models used are the
appropriate ones.

Data-driven modeling and simulation have been applied to predict the remaining useful life of rolling
bearings [149], lithium-ion batteries [150] and to predict tool wear [151] (Wu, et al., 2017).

Expert Judgement

Expert judgement may be defined in terms of data given by an expert in response to a technical problem.
The expert, in this case, must have background in the subject area and must be recognized by one’s peers
or those seeking answers that the expert has the qualifications, experience and credibility to be right or
about right in the answers given [152].

When estimating measure lifetimes, expert judgement may play a vital role where test results are limited,
dubious, or nonexistent. For example, expert judgement could be useful in providing estimates on new
measure lifetime or poorly understood measures, forecast future events, integrate or interpret existing
measure lifetimes, and in filling knowledge gaps [152]. Expert judgment may be elicited through individual
interviews, interactive groups and Delphi technique (in isolation from one another) [152].

Expert judgement comes in handy when there are not many viable options to explore measure lifetimes and
expert judgement may be the only or one of few alternatives to pursue. However, studies have shown that
expert judgement may have certain pitfalls such as the introduction of bias in data through misinterpretation
or misrepresentation, limitations in the number of things that experts can mentally juggle, as well as the
level of detail in the data [152]

Expert judgement has often been utilized in literature, including weatherization studies, to estimate measure

lifetimes. These include those authored by DOE and its offices/agencies, US national laboratories,
independent consulting firms such as Navigant, and labor organizations and associations.

34



Table 9: Historical lifetime values from Weatherization Program Notices and Weatherization Assistance Libraries

# Measure Type Measure Name IWPN-23-06WPN-19-4 (WA User [NEAT/MH [NEAT User NEAT User
Ef£3/3/23) (Bff Manual EA User  [Manual v5.2 (1996)
(EIL.3/3/23) (ELT. v8.9 (2015) Manual v.7 |(1997)
) 1/17/19)
Life (yr.) (2002)
Life (yr)

1 Attic insulation: blown in and batt 30 30 20 20 20 20
2 Attic insulation: all other types 20 20 20 20 20 20
3 Sillbox insulation 20 20 20 15 15 15
4 Foundation wall insulation 20 20 20 20 20 20
5 Slab insulation 20 20
6 [Floor insulation: loose and batt types installed [30 30

in fullyenclosed air-tight cavities, and rigid 20 20 20 20

insulation

Building

7 Insulation Floor insulation: all other types including 20 20

loose and batt, not installed in fully enclosed 20

air-tight cavities
3 'Wall insulation: dense pack insulation, rigid 30

insulation and full-cavity batt insulation in 20 20 20 20

o . 30

fully enclosed air-tightcavities
9 'Wall insulation: all other types 20 20 20 20
10 Kneewall insulation: loose and batt types 30 30

installed infully enclosed air-tight cavities, and 20 20 20 20

rigid insulation
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11 Kneewall insulation: all other types including [20 20
loose and batt types not installed in fully 20
enclosed air-tight cavities

12 Duct insulation 20 20 20 20 20 20

13 Manufactured home skirting 10 10 10 10 (MHEA)

14 'White roof coating 7 7 7 (NEAT),
20 (MHEA 20 (MHEA)
addition)

15 Radiant barrier 15 15

16 Ducts/ 'Whole house air sealing 10 10 10 (MHEA) 20 (MHEA)

17 | Infiltration |5y sealing 10 10 10 (MHEA)[10 (MHEA)

18 Storm window 15 15 15 (NEAT;
Glass storm
window in
MHEA), 5
(Plastic 15 15 15
storm
window in
MHEA)

Doors and .

19 Windows |Window replacement 20 20 20 (Double

20 pane), 15 |15 (low-e) |15
(Low-e)

20 Door replacement 20 20 15 (MHEA) (15 (MHEA)

21 Storm door 10 10 10 (MHEA) 10 (MHEA)

22 'Window shading: awning 10 10 10
(NEAT/MH|10 10 10
EA), 15
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(MHEA

addition)

23 Sunscreen: fabric or screen 10 10 10 12 12 12
24 Sunscreen: louvered 15 15 15 20 20 20
25 Window film 15 15 15 S S5 S
26 Thermal vent damper 10 10 10 10 10 10
27 Electric vent damper 10 10 10 10 10 10
28 Intermittent Ignition Device (IID) 10 10 10 10 10 10
29 Electric vent damper and IID 10 10 10 9 9 9
30 [Flame retention burner 10 10 10 10 10 10
31 Heating system tune up 3 3 3 2 2 2
32 Heating system replacement: fossil fuel fired 20 20 15 (High

HVAC furnaces and, boiler standard and condensing efficiency 15 15 15

Systems fur‘nace &

boiler)
33 Heating system replacement: all other heating |18 18
systemsexcept heat pumps 18 15 15 15

34 Smart/programmable thermostat 15 15 15 15 15 15
35 Air conditioner tune up 3 3 3 5 S
36 Air conditioner replacement 15 15 15 15 15 15
37 Evaporative cooler 15 15 15 15 15 15
38 Heat pump replacement 15 15 15 15 15
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39

Lighting retrofit: fluorescent and compact

(10,000

(10,000

10 10 10
fluorescent hours) hours)
40 Lighting retrofit: LED (30,000 (30,000
hours) hours)
41 Lighting retrofit: halogen (4,000 (4,000
hours) hours)
42 Baseloads [Refrigerator replacement 15 15 15
43 'Water heater tank insulation 13 13 13 10 (NEAT),
15 (MHEA)
44 Water heater pipe insulation 13 13 13 15
45 Low flow showerhead 15 15 15 15
46 'Water heater replacement 13 13 13
47 Water heater setpoint reduction 13 13
48 Solar Solar PV installations 20 -
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2.3.2 Preliminary results

Preliminary results demonstrate practical ways of obtaining or determining the lifetime of different
categories of energy retrofit measures in a manner that can be replicated. These include Product Category
Rule (PCR) and Environmental Product Declaration (EPD) documents, and ASHRAE service life and
maintenance cost database. The results also show how to address conflicting lifetime values for the same
measure and explain the various factors that may affect the service life of ECMs.

2.3.2.1 Obtaining Reference Service Life (RSL) from Product Category Rule (PCR) and
Environmental Product Declaration (EPD)

The Reference Service Life (RSL) refers to the duration for which a product remains in use [153]. RSL data
may be obtained from different sources, including the Product Category Rules (PCRs) and Environmental
Product Declaration (EPD) documents, which are valuable tools for estimating the lifetime of ECMs. The
Product Category Rule (PCR) serves as the foundation for generating an Environmental Product
Declaration (EPD). The PCR outlines the guidelines for conducting a life cycle assessment (LCA) of a
product [154]. EPDs, on the other hand, offer credible environmental performance data for various products
— building materials, consumer goods, electronic devices, vehicles, and many others — aligning with
international standards like ISO 21930 [155] and EN 15804 [154], [156].

It is important to note that RSL values may vary depending on the data source, with factors such as indoor
and outdoor environments, product design, and predicted maintenance playing a role [157]-[159]. To
estimate the RSL of a building component, three main approaches are recognized [157]. The first approach
is rooted in engineering principles, focusing on the structural integrity and material fatigue over time. The
second approach considers various factors such as component quality, design level, work execution, and
environmental conditions to modify the RSL for an estimate. The third approach relies on empirical data,
which, while accurate, can be resource-intensive to obtain.

In addition to individual EPDs, other data sources for obtaining RSL include client requirements,
manufacturer information, applicable standards (e.g., ISO 15686-1, -2, -7, and -8), national service life
databases, LCA software, and professional organizations [153]. Research group publications, initiatives,
and scientific publications also serve as valuable sources for RSL data for building components and
products.

To find the RSL of a product from an EPD, one may use the following steps:

Step 1: Search the EPD library at https://www.environdec.com/library. The EPD and PCR library can be
located at the top right of the menu bar.

Step 2: To search for a product type such as insulation, type “insulation” in the input field of Filter to show
the most recent EPDs on insulation available in the library.

Step 3: One can also filter the search by product category such as chemical products, construction products,
infrastructure and building, machinery and equipment, and others; or by PCR which provides a finer
breakdown of the options in the Product Category field. The Geographical scope options filters the search
by country, region or continent, while the validity filter allows users to choose the periods within which
EPDs ought to be valid.

ECM Lifetime Evaluation from Public Database

The American Society of Heating, Refrigeration and Air-Conditioning Engineers (ASHRAE) maintains a
public database that provides current information on service life and maintenance cost of all major pieces
of HVAC equipment and be accessed at http://weblegacy.ashrae.org/publicdatabase/service_life.asp
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Users may access the database by following the steps below:

Step 1: Visit the ASHRAE HVAC Service Life Database [160] to access the ASHRAE service life
database.

Step 2: Use the service life data query in Step 1 to customize your search from the database by filtering
through equipment by system type (air distribution, cooling, heat rejection, cooling pump, heating, heating
pump, control, miscellaneous), region, state, function of building where HVAC equipment is intended to
be used, size of building, height of building or number of stories, Building Owner and Managers
Association (BOMA) classification, and location.

The database allows users to search for equipment service life data by building type or function. This can
be found by clicking on “Function” to expand the field and then scrolling through the options to select the
desired building type or function as shown in Figure 13. An obvious limitation of this database, however,
is that it is more focused on commercial buildings and has limited residential building types.

2.3.2.2 Dealing With ECMs with Long Lifetime Values

Each year, the National Institute of Standards and Technology (NIST) publishes an annual supplement to
the NIST Handbook 135 named Energy Price Indices and Discount Factors for Life-Cycle Cost Analysis.
At the time of this report, the most recent one was for 2022 with document ID: NIST 85-3273-37 [161].
This document is a life-cycle cost manual for the Federal Energy Management Program (FEMP) that
provides energy price indices and discount factors for use with the FEMP procedures for life-cycle cost
analysis and can be used to evaluate potential energy and water conservation and renewable energy
investment in existing and new buildings. The price indices and discount factors in this document are
estimated using the most recent energy price projections from DOE’s Energy Information Administration
(EIA) Annual Energy Outlook and the Office of Management and Budget (OMB).

The maximum allowable ECM lifetime in WAP is usually consistent with the maximum projection year in
the NIST Energy Price Indices and Discount Factors for Life-Cycle Cost Analysis report, which is 30 years
at the time of this publication, as has been for a few years. Some EPD and lifetime data sources for insulation
materials and other building envelope measures provide service life information that are reasonably long —
50 years — and are projected to last, in some case, as long as the buildings in which they are installed. Since
no ECM lifetime in WAP can be longer than the life-cycle cost analysis period given in NIST, ECMs such
as certain types of building insulations that are deemed to have useful service lives longer than 30 years or
current NIST projection period, whichever is longer at the time of review, shall be guided by information
in current NIST publication rather than what other sources provide.

2.3.2.3 Addressing Varied Lifetime Values for The Same Measure

In instances where diverse sources of data yield differing lifetime values for a particular appliance, the need
often arises to establish a single, representative value for that measure. To achieve this, various statistical
techniques can be employed. Among these techniques, the Weibull Distribution stands out as a proven and
efficient method, characterized by its adaptability and suitability for situations involving limited sample
sizes [131].

A comprehensive study conducted by Lawrence Berkeley National Laboratory (LBNL) exemplifies the

application of this approach. The study drew upon national survey data, including historical appliance
shipment records and in-use appliance data obtained from the Energy Information Agency's (EIA)
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Residential Energy Consumption Survey (RECS) spanning multiple years (1990, 1993, 1997, 2001, 2005),
as well as data from the Census Bureau's American Housing Survey (AHS) across various years (1991,
1993, 1995, 1997, 1999, 2001, 2003, 2005, 2007). This extensive dataset facilitated the estimation of
lifetimes for various residential appliances, including central air-conditioners, heat pumps, furnaces,
boilers, water heaters, room air-conditioners (RACs), refrigerators, and freezers [134].

Furthermore, the U.S. Department of Energy (DOE) has embraced this methodology for measure lifetime
estimation, referencing it in several technical support documents (TSDs) related to various appliances. By
adopting these statistical approaches and harnessing comprehensive datasets, it becomes possible to derive
a unified and reliable lifetime value for energy conservation measures, addressing the variability inherent
in data from different sources.

2.3.2.4 Factors That May Affect the Service Life of ECMs

Often, measures persist longer than their estimated service or technical life, for which reason measure
lifetimes are sometimes defined in terms of their effective useful lives (EUL). EUL has two components,
the technical life and the measure persistence. While the technical life measures the average length of time
that the measure is operational [126] (Hoffman, et al., 2015), the measure persistence measures the actual
time that the measure lasts when factors such as home turnover, early retirement of installed equipment, or
retrofits and remodeling, are considered [125], [127].

Where installed measures have a limited warranty, it is rightly assumed that such measures will last no less
than the warranty period and may persist longer as is often the case with most measures. For this reason,
ECM lifetimes that are based on manufacturer warranty may reasonably be allowed a persistence allowance
beyond the warranty period during which the measure would still be functional or deemed to be so. For
insulation materials which are known to degrade over time, there is no standardized methodology to
examine the service life or decay of the material’s thermal performance over its operation phase within
EPD framework [162]. However, there are known ways in which some insulation materials may lose their
thermal insulation properties and, consequently, reduce their service life. For example, of radiant barriers,
[163] discuss four elements that may cause their surface emittance to degrade which includes dust and other
contaminants, moisture condensation, corrosion, and oxide films. It is therefore important to consider the
environment in which measures are installed, and the maintenance of such measures to estimate their
service lives, regardless of warranties or EPD reference service lives or available information in public
databases.

2.3.3 Proposal of remaining work

Existing literature that supports life-cycle cost analysis for energy efficiency retrofits provides projections
for 30 years. There are calls by energy auditors to have projections that can help them do life-cycle cost
analysis that span beyond 30 years, even up to 50 years. This is true for some envelope measures such as
certain batt and blown-in insulations which are proven to last 50 years or more. To account for projections
beyond 30 years, NIST advises the use of simple extrapolations of the 30th year growth rates as employed
in the Building Life-Cycle Cost (BLCC) program [164]. The simple extrapolation method was given to
help meet certain federal requirements such as FEMP service period of up to 40 years for government-
owned or operated buildings. Also, according NREL’s “Manual for the Economic Evaluation of Energy
Efficiency and Renewable Energy Technologies” [165], projects with terms longer than 30 years may use
the 30-year discount rate.
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These oversimplified methodologies for analyzing measures with lifetimes beyond 30 years will be
reexamined in this research in order to provide a more viable methodology for such analyses.
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