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Over the past 30 years, the intensity of all major energy use categories has
decreased in the residential market with the exception of miscellaneous electrical loads
(MELs). MELs include primarily 120V plug-loads and some hard wired loads. MELs
stand alone as the only category in which energy intensity has steadily increased over
time. While MELs constitute approximately 15% - 25% of a typical home’s total energy
use, it is projected to increase to 36% by 2020. Despite the significant percentage of
the home’s total load, MELs are the least researched energy end use category and
most poorly modeled. The Home Energy Rating System (HERS) index is the most
widely used residential energy rating system and uses a simple square foot multiplier to
model MELs. This study improves upon the HERS model by including occupant
characteristics as part of the MEL model. This “new model” was created by regressing
and explanatory equation from the Energy Information Agency’s Residential Energy
Consumption Survey (RECS). The RECS has a very large sample size of 12,083
respondents who answered over 90 pages of questions related to home structure,
appliances they own and demographical information. The information provided by the
respondents was used to calculate a MEL for all the RECS households. A stepwise
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regression process was used to create a model that included size of the home,
household income, number of household members and presence of a home business to
predict the MEL. The new model was then tested on 24 actual homes to compare its
predictive power with the HERS model. The new model more closely predicted the
actual MEL for 17 of the 24 test houses (71%). Additionally, the standard deviation or
the “tightness of fit” of the new model was less than half of the HERS model when used
on the RECS respondents. What this study found was that using occupant
characteristics to supplement a square foot multiplier significantly increased the
precision of MEL modeling.
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CHAPTER 1
INTRODUCTION
Energy Use in the Residential Market
Over the past 50 years mankind has had more impact on the planet’s natural
systems than in all other previous generations combined. Of these impacts, perhaps
the most significant is global climate change led primarily from the release of carbon
dioxide (CO2) and other greenhouse gasses. The United States (US) is only behind
China in their CO2 emissions. The US Environmental Protection Agency reports that
the generation of electricity is the leading source of CO2 emissions and contributes 40%
of all US greenhouse gases (US EPA, 2013). The residential market has a high
demand for electrical energy consuming nearly 38% of all US production (US EPA,
2013). While a significant consumer of electricity, the residential market also has
significant opportunity to increase its energy efficiency and reduce overall consumption.
The residential market is the area of interest for this dissertation study.
Energy use in a home is generally categorized into six major end uses; heating,
cooling, lighting, water heating, large appliances and miscellaneous electrical loads
(MELs). The energy needed to heat and cool a home depends largely on climate type
but typically uses approximately one third of the home’s total energy use. Lighting and
water heating also are significant energy uses each using between 10 and 20 percent of
a home’s energy. Large appliances include refrigerators, ranges, dishwasher and
clothes washers/dryers typically consume 15% of the home’s energy. The final
category is MELs which is a “catch all” category that includes everything not previously
mentioned. Plug-loads, hard wired loads, and all uncommon energy uses are captured
in this category (Nordman and Sanchez, 2006).
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Problem Statement
Over the past 30 years, the intensity of all major energy use categories has
decreased in the residential market with the exception of MELs. MELs stand alone as
the single category in which energy intensity has steadily increased over time. While
MELs constitute approximately 15% - 25% of a typical home’s total electrical load, a
government sponsored study projects that this will increase to 36% by 2020 (Roth et al.,
2007). Despite the significant percentage of the home’s total electrical load, MELs are
the least researched energy end use category and most poorly modeled. Current
practices use limited physical characteristic of the home such as square foot area and
number of bedrooms to estimate MELs (RESNET, 2012; Hendron and Engebrecht,
2010). This study will seek to improve current modeling practices by including occupant
characteristics as part of the calculation. The primary objective of this research is to
answer the question:
“How can occupant characteristics be used to improve current practices of
modeling miscellaneous electrical loads?”
Purpose of the study
The overarching purpose of this research is to support the efforts to reduce our
dependence on fossil fuels and the reduction in global greenhouse gas emissions.
Eliminating the need for nonrenewable energy ranks as one of the most challenging and
complicated problems facing our society. While this research will of course not solve
this problem or even address it as a whole it will target a specific area of residential
energy use that is in great need for additional research. The first step in the solving of
any problem is to understand it and the interactions of its parts. Furthering the state of
knowledge about what influences the intensity of MELs and the interaction with the
17

householder is the principle contribution of this study. This new knowledge will be used
to better predict MELs. From a practical standpoint, better predictions of MELs have
advantages at the city and individual home level. Better energy models can lead to
improved projections of future energy demand from new developments. This can lead
to better sizing of new power generation facilities. Another large scale advantage is that
it can help improve the timelines of climate change models by more accurately
predicting energy consumption. Perhaps more significantly, this research will more
accurately predict MELs at the individual home level. When MELs are quantified,
energy reduction programs such as the HERS rating system, can incentivize builders to
develop measures to reduce them. Also, if the goal of large scale development of zeronet energy homes is to be realized, accurate forecasts of energy use must be created to
correctly size solar panels or other on site power generation. For hyper-efficient homes,
MELs can represent 50% or more of the total energy use so accurate models are
critically important.
While modeling MELs is a critical first step in the process the reduction of energy
use is the next logical step in the process. To further these efforts, a secondary
objective of this dissertation is to evaluate a poorly understood energy efficiency
measure (EEM) and determine its energy saving potential. Specifically, this study will
evaluate the effectiveness of the Whole-House Switch (WHS) EEM and determine its
energy savings and cost effectiveness.
Structure of Dissertation
This dissertation is structured to provide the reader first with an overview of the
current state of MEL modeling, then a detailed description of the research conducted in
this study and finally a summary of the conclusions that can be made from the findings.
18

Chapter 2 contains a summary of the relevant literature. Specifically, past studies on
MEL modeling, appliance energy consumption, usage patterns and the current practice
for modeling MELs is discussed. Chapter 3 provides a description of the methodology
used to conduct this research. Topics such as the source of data, calculation of MELs,
creation of the model and validation of the model are included. This study took
advantage of a large federal government survey to make statistical inferences about
MELs. The actual MEL was not provided so a MEL value was calculated based on the
information in the survey. The specifics of how the MELs were calculated are provided
in Chapter 4. Chapter 5 provides the reader a summary of the statistical inferences and
trending of the data observed. This chapter also shows the results of how well the new
model predicted MELs on actual test homes with comparisons to current modeling
practices. The whole-house switch EEM was a secondary objective of the study and is
summarized in Chapter 6. Chapter 7 is the conclusion chapter and summarized the key
findings of the study. This chapter also highlights gaps in the available data and
provides recommendations for future studies.
Chapter Summary
The dependence on fossil fuel energy is one of the most significant challenges
facing our society. Recognizing that current practices cannot be sustained indefinitely,
scholars and practitioners are working together to develop ways of reducing our need
for nonrenewable energy. This study advanced the effort by better understanding MELs
in the residential market. This study showed the correlations between the occupant and
their MEL intensity ultimately leading to an improved way of modeling the load. The
chapters that follow provide the specifics of this dissertation study. The dissertation
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takes a unique approach to modeling and provides valuable insights into an important
area of research.
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CHAPTER 2
LITERATURE REVIEW
Overview and Justification of Need
Over the past 30 years the intensity of all major energy use categories has
decreased in the residential market with the exception of miscellaneous electrical loads
(MELs). MELs stands alone as the single category in which energy intensity has
steadily increased over time (Groves, 2009; KEMA, 2010; Moorefield et al., 2011;
Nordman and Sanchez, 2006; Parker et al., 2011; US EIA, 2011d). The rapid
expansion in the markets of home entertainment, personal electronics, and convenience
items are key contributors to this increase and aren’t showing any indication of slowing
(Fanara et al., 2006; Groves, 2009; Brown et al., 2007; Roth et al., 2008a). Occupant
behavior is the most critical component to MELs but remains one of the least
researched areas of residential energy use (Hendron and Eastment, 2006; Lee et al.,
2011; Masosa and Grobler, 2010; Nordman et al., 2006; Samarakoon and Soebarto,
2011; Steemers and Yun, 2009; Wang et al., 2011; Yamaguchi et al., 2011). MELs
constitute approximately 15% - 25% of a code compliant home energy use (Barley et
al., 2008; Ecos Consulting, 2004; Porter et al., 2006; Roth et al., 2006; Sanchez et al.,
1998; US DOE, 2012; Wentzel et al., 1997). However, the MEL percentage can be in
excess of 50% for high efficiency homes (Barley et al., 2008; Brown et al., 2007;
Hendron and Eastment, 2006; Nordman and Sanchez, 2006; Steemers and Yun, 2009).
Additionally, according to a report commission by the US Department of Energy (DOE),
MELs will grow to 36% of code compliant homes by 2020 (Roth et al., 2008b). The
modeling and reduction of MELs is a key area of research for national energy reduction
and goals for zero-net energy homes.
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Definitions and Nomenclature of Miscellaneous Electrical Loads
Before delving into past studies it is important to define the nomenclature of
MELs so the specifics of this dissertation are effectively communicated. When the
science of building energy was in its early years the research efforts naturally gravitated
to the areas of highest intensity. These areas are most commonly referred to as
“traditional” end uses and include climate control, lighting, water heating and major
appliances. Studies were actual monitoring was performed typically measured the
whole building consumption and the traditional end uses leaving the difference to be
categorized as the “miscellaneous” or “other” load (Nordman and Sanchez, 2006). As
the research into miscellaneous loads lagged behind the traditional end uses so did
standardized terminology. In the 1990s and 2000s MELs began to get more attention
as their percentage of total energy use began to rise. Studies were conducted and the
results published but each study needed to define the terminology used to avoid
misrepresenting their findings. Recognizing that MEL “definitions [were] sorely needed
to avoid confusion”, Nordman and Sanchez published the Electronics Come of Age: A
Taxonomy for Miscellaneous and Low Power Products paper in 2006. “This paper
provide[d] definitions for key terms and concepts with the intent that future work can be
more correctly and consistently reported and interpreted (Nordman and Sanchez,
2006).” Nordman and Sanchez’s paper has been widely accepted as the defining work
for MEL definitions and nomenclature (Dawson-Harggerty, 2012; Groves, 2009; Meier
et al., 2007; Moorefield et al., 2011; Southern California Edison, 2008). This research
will use the terminology as defined by the Nordman and Sanchez (2006) paper with a
minor revision to how “miscellaneous” is defined. The key terms used in this
dissertation are defined below:
22

Product. “A piece of equipment that can be powered directly from main power
(Nordman and Sanchez, 2006).” A product is one specific appliance or piece of
equipment. The product will have a specific manufacturers and model number. A
product is not a line of appliances or equipment that serves similar function. Toasters
as a group would not be defined as a product but a specific toaster manufactured by
General Electric with a model number of 123-45-67890 would be.
Product Type. “A general category of product within which there is a sufficient
amount of common functionality, modes, and behavior (Nordman and Sanchez, 2006).”
In the example above, toasters as a group would be defined as a product type.
Traditional End Uses. “HVAC, Lighting, Water Heating, and Major Appliances”
(Nordman and Sanchez, 2006).
Plug-Loads. Any load that is powered by a normal AC receptacle. This is
inclusive of major appliances and electronics.
Miscellaneous Electrical Loads (MELs). The Nordman and Sanchez paper
define “miscellaneous” as all loads not included with the Major End Uses. Nordman and
Sanchez recommend that electronics be disaggregated from the term “miscellaneous”
loads and be included with the larger “traditional end uses.” This research will slightly
adjust this definition to align with how the HERS index defines “residual” MELs. For this
dissertation MELs will be defined as all plug-loads and hardwire loads not included with
the traditional end uses, secondary refrigerators/freezers and televisions. Examples of
MELs include microwaves, peripheral television products, security systems, spas,
computers, and rechargeable consumer products.

23

Past Studies Modeling MELs
Although MELs are one of the least researched areas of residential energy uses,
this isn’t to suggest that no studies have been conducted on the topic. Several key
studies have been performed that have laid the ground work for this research. The
methodology of data collection from the Moorefield study is very similar to this research
although the data collected was specific to commercial offices. The Srinivasan study
used the approach of estimating MEL as a function of diversity factors and product type
nominal power usage. The Porter study provides actual residential product energy use
of 50 single family homes in California. The following paragraphs provide a summary of
each of these studies.
Moorefield Study
One of the more significant past studies related to this research was a report
prepared for the California Energy Commission titled “Office Plug Load Field Monitoring
Report” referred to here as the Moorefield study (Moorefield et al., 2011). The
Moorefield study is one of the few studies to actually measure plug-loads on a
significant scale. The study was specific to California office buildings so the information
collected doesn’t assist with this dissertation; however, the methodology used is of
particular interest. The overarching objective of the study was to document the type of
plug-loads being used in California office buildings, record the power use information of
the plug-loads and graph the usage patterns. The various steps to complete their
research can be broke down into a “Preparation Phase”, a “Data Collection Phase” and
a “Data Analysis Phase.”

24

Moorefield study: preparation phase
The first step in the Moorefield study was to identify and to prioritize the plug
loads being included with the study. The taxonomy developed by Nordman and
Sanchez (2006) was used to define the product list. Using existing literature the team
developed a prioritization list of which devices were to be measured. Each plug-load
on the list was given a prioritization rating of High, Medium, Low or Do Not Meter. Plugloads that were expected to have an overall high energy use were given a higher priority
to be monitored over plug-loads expected to have an overall low energy use. Devices
whose duty cycle or energy consumption was not well understood and devices with
potential savings through automation were also given a high priority. The study
specifically excluded large appliances (like refrigerators, dryers, ect.), air conditioning
equipment and all hard-wired loads. These devices were given a “Do Not Meter” rating
on the prioritization schedule. The team allocated 60% of the available meters to
devices ranked as “high priority”, 30% on devices ranked as “medium priority” and 10%
to devices with a “low priority.”
The next step in the Moorefield study was to select participants for their study.
To make the results as applicable to the widest range of users a diverse group of offices
was recruited to participate in the study. Geographic factors like urban versus rural
were considered along with the type of professional services being provided. Office
size in terms of employees and square footage was also considered. The recruiting
process included sending an initial letter of interest followed up with phone calls. The
phone calls confirmed the eligibility of the office and then a monetary incentive was
offered to participate. Ultimately 47 participants were recruited all evenly distributed
across the factors previously mentioned.
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The third step in the Preparation Phase was the selection of the metering device
used to collect the plug-load data. The Moorefield study specifically listed the following
characteristics required for the study:








Ability to meter data from a single plug-load and not an entire circuit
Ability to record data at one minute intervals
Ability to store information for multiple weeks
User-friendly interface
Wide range of power recording (<1 Watt up to 1,800 Watts)
High accuracy
Timely consumer availability
The study ultimately selected the “Watts Up? Pro ES” data logger. See Figure 2-

1. The Watts Up Pro ES met all of the criterion mentioned above and was within their
set price point. The study employed the use of 120 data loggers to collect 480 million
data point from 470 products.
Moorefield study: data collection phase
The first step in the Data Collection Phase was to perform walkthroughs of
offices that were not to be monitored. The purpose of these researcher’s walkthroughs
was to inventory all of the plug-loads in the offices so that a list of “common” product
types could be identified. Two researchers would physically observe each plug-load
and record its name, location, power supply and screen size for TV’s and monitors.
This procedure was completed in 22 office buildings.
The next step was to perform a similar researcher’s walkthrough of 25 new office
buildings and create a list of all of the plug-loads being used. Based on this list a subset
of plug-loads to be monitored was identified based on the prioritization schedule created
in the Preparation Phase. The selected plug-loads were monitored for two weeks with a
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recording interval of one minute. Watts, volts, amps, volt-amps, power factor and
maximum wattage were all recorded.
Moorefield study: data analysis phase
There were five main goals that the researchers wanted to address with the data
collected. The first goal was to determine the type of plug-load devices being used in
California offices. They were able to use the information collected in all 47 offices (22
from researcher’s walkthrough only offices and 25 from the metered offices) to create
their list. The second goal was to determine the average power demand by mode (on,
stand-by, or off) of the product types. The third goal was to determine the percentage of
time during the two week monitoring period that each device spent in the various
operational modes. The fourth goal was to determine the total energy used in each
mode over the two-week period and extrapolate annual energy use. The fifth goal was
to track the real-time energy consumption of the metered devices.
Srinivasan Study
This Srinivasan study was a comparison of existing methods for calculating plugload densities in K-12 schools with eighteen benchmark schools under two new
categories; with computers and without computers (Srinivasan et al. 2011a). One of the
existing approaches being reviewed is the ASHRAE standard 90.1 which is the
reference guide for the US Green Building Council’s LEED rating system. In the
ASHRAE guide a flat 5.38W/m2 is assumed for all plug-loads in K-12 schools. This
plug-load intensity assumption has not changed since its original publication in 1989
(ASHRAE 90.1-1989). The value has been criticized as the saturation of computers,
projectors, multimedia teaching tools and many other electronics have significantly
increased since 1989. This flat value also ignores specialty schools which place higher
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emphasis on science and technology and as a result have a higher plug-load density.
The Srinivasan study calculates plug-load density as a function of nominal power of
equipment and the diversity factor. It then compares it with existing approaches to
estimate plug-loads such as the ASHRAE standard previously mentioned. Other
standards compared with the 18 benchmark schools are COMNET Guidelines, NREL,
and California’s Title-24.
The Srinivasan study was conducted is six distinct steps. The first step was the
selection of the schools to be included with the study. The study intentionally reviewed
buildings that were either constructed or expected to be constructed after 2011 to
include the modern designs that incorporate current teaching practices and
technologies. Of the 18 schools included, nine were elementary, 2 were middle and
seven were high school. The study included the plug-load density of the classroom
area only. The second step was the review of construction documents of the 18
schools to quantify the expected equipment being used. The equipment included
projectors, laptops, desktop computers, smart boards, LCD monitors, VCR/DVD players
and surround sound systems. Approximately 30% of the classrooms surveyed
contained computers. As expected the study found that the presence of computers
dramatically influenced the plug-load density and prompted the study to segregate the
classrooms into two separate categories; with and without computers. In the third step
plug-load density from the 18 benchmark schools were calculated. Average energy
consumption of the product type was collected from literature review. As mentioned
earlier the plug-load density is based on nominal power consumption (determined
through step 2 and the literature review of product data) and diversity factors. This
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study used a flat diversity factor of .77 which is based on the recommendations of the
COMNET Guidelines. The COMNET value is based on “expert opinion” and is a
significant assumption made by the researchers (Srinivasan, et al., 2011a). Detailed
diversity factors are not available for K-12 schools. If diversity factors specific to K-12
schools were available a more accurate plug-load model would have been possible
(Srinivasan, et al., 2011b). Step four evaluated the plug-load density from the 18
benchmark schools with that of four existing approaches (COMNET Guidelines,
ASHRAE 90.1, Title-24 and NREL). In step five the existing approaches were
compared with the benchmark schools with two types of classrooms; with and without
computers. Step six involved creating an energy model using computer software.
Separate models using all four existing approaches were created and compared with
the new benchmark values. The study found that the total energy use for schools was
within 5% of the benchmark using the ASHRAE 90.1 plug-load density values. The
conclusion made was that while the saturation of new technology and equipment has
increased, efficiency of the equipment has increased at the same pace.
Energy Simulation
One of the ways that the Srinivasan study is different than the Moorefield study
and the Porter study (which will be discussed shortly) is the use of energy simulation
software. The Srinivasan study used the software package eQUEST which models the
MEL as a function of kWh per square foot. In practice, MELs are rarely modeled alone
and are only one piece of the entire energy model. Because this research can be used
to enhance whole building energy models it is important to understand how energy
modeling evolved to its current state.
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Energy simulation is commonly thought of as a product of the computer age but
its origins date back to the early 1920s. Andre Nessi and Leon Nisolle of France were
the first to develop a calculation of transient heat flow known as the Response Factor
Method (RFM) (Nessi and Nisolle, 1925). This method remained a widely accepted
means of manually calculating heat flow into the 1960s (Brisken and Reque, 1956; Hill,
1957; Holden, 1963; Muncey, 1963; Pipes, 1957; Stewart, 1948). In the late 1960s the
manual RFM calculation started to be replaced by computer programs which automated
the process (Haberl and Cho, 2004; Kusuda, 1969; Kusuda, 1970; Kusuda, 1971;
Kusuda, 1974; Tupper et al., 2012). The RFM method is still used in energy modeling
software today including the DOE-2.2 energy simulation engine.
The DOE-2 platform evolved from several previous energy modeling programs
from the 1970s. These programs included the Heating and Cooling Peak Load
Calculation (HCC) program developed by the Automated Procedures for Engineering
Consultants, General American Transportation Corporation’s (GATC) Post Office
Program and the US National Aeronautics and Space Administration’s (NASA) Energy
Cost Analysis Program (NECAP). Other packages such as the US Army Construction
Engineering Research Laboratory’s (CERL) Building Loads Analysis and System
Thermodynamics (BLAST) program and University of Wisconsin-Madison’s Transient
Systems Simulation program (TRNSYS) were similar but developed independently. The
California Energy Commission in partnership with the US Energy Research and
Development Administration and the Lawrence Berkeley National Laboratory (LBNL)
modified NECAP for civilian use and repackaged it as DOE-1 in 1978. The following
year several upgrades were made and it was reissued as DOE-2 in 1979. The 1980s
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was a time of improvement and refining of the existing software packages. BLAST was
upgraded to BLAST 1.2 and then to 2.0. TRNSYS had updates nearly every year.
Similarly DOE-2 was rereleased as DOE-2.1a, b, c, and d from 1981 to 1989. The
1990s was a period of “reevaluation and redirection” for energy modeling software
(Tupper, 2012). In partnership with the US DOE and LBNL, James J. Hirsch and
Associates (JJH) developed a “fully interactive” version of DOE-2.1 which was renamed
DOE-2.2 (International Building Performance Simulation Association, 2012). There was
a disagreement between JJH and the US DOE on how the program should be licensed
which ultimately led to the partnership being dissolved. JJH continued to develop the
DOE-2.2 and created the DOE-2.2 interface program eQUEST in 1999. JJH is still
supporting and updating DOE-2.2 and eQUEST which are both available free to the
public. The US DOE reallocated its funding to the development of a new energy
simulation program called EnergyPlus. EnergyPlus built on the BLAST program whose
funding was cut by the US Department of Defense in 1995. Although the US Federal
government financially supported the development of DOE-2.2 and EnergyPlus several
other programs such as TRNSYS, Trane’s TRACE and IES Virtual Environment have
been developed and are still widely used today (Haberl and Cho, 2004; International
Building Performance Simulation Association, 2012; Tupper, 2012).
The next phase in energy modeling will be the integration with Building
Information Modeling (BIM) software (US GSA, 2012; Haberl and Cho, 2004;
International Building Performance Simulation Association, 2012; Malin, 2008; Tupper,
2012). The use of BIM software enables the user to build a structure in the virtual world
before it is built in the real world. BIM combines all of the engineering and architectural
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disciplines into a single computer file. BIM creates a 3D model of the proposed building
where virtual walkthroughs can provide insights in the future functionality of the building.
The 3D model can be extraordinarily detailed and allows for a much more collaborative
and multidiscipline review of the design. Although the technology to fully integrate BIM
with energy modeling software has not been completely developed, the industry is
moving in this direction. Autodesk purchased the BIM software developer Revit
Technologies in 2002 and the energy modeling software developer Green Building
Studio in 2008. Autodesk now provides Revit Conceptual Energy Analysis which can
use either DOE-2.2 or Energy Plus to model a building’s energy use. Following a
similar path the BIM software developer Bentley Systems Inc. purchased Hevacom Ltd.
in 2008 to provide an energy modeling component to its software (Malin, 2008). BIM
resembles the building energy modeling programs of the 1980s in that its computing
power and acceptance in the industry are rapidly expanding (US GSA, 2012; Haberl
and Cho, 2004; International Building Performance Simulation Association, 2012; Malin,
2008; Tupper, 2012).
Porter Study
A very significant past study related to this research was conducted by Ecos
Consulting for the California Energy Commission, titled the “Final Field Research
Report” referred to here as the Porter study (Porter et al., 2006). The Porter study
acknowledged that “detailed information on usage patterns of [residential consumer]
products was simply unavailable (Porter et al., 2006).” The Porter study was conducted
to start the exploration of residential MEL “usage patterns, energy consumption, and
load profiles” by metering individual plug-loads (Porter et al., 2006). Many of the
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procedures, data type collected and analysis of this dissertation are similar to the Porter
study.
Porter study methodology
The first phase of the Porter study was to develop their list of sampled homes.
The researchers had access to a list of approximately 900 homes that had previously
participated in an energy research conducted by Eco Consulting (authoring company).
The 900 homes were reasonably well distributed throughout the state of California. This
pool of households was specifically targeted because it was felt that the households
would be more likely to participate in additional energy research studies than randomly
selected ones. These 900 homes were contacted by phone and asked to participate in
a survey. Survey respondents were incentivized by being offered $10 for their
participation. If the survey respondents met the study’s criteria then they were asked if
they would be willing to participate in the onsite MEL monitoring phase. Participants
were offered $100 for every site visit made. Each participant would receive a minimum
of $200 to compensate them for the initial set up of the monitoring devices and then the
retrieval of the equipment. Ultimately 50 homes were selected to be continually
monitored.
Being able to monitor all of a home’s MELs would be ideal however logistically
this isn’t practical. The Porter study focused their attention on plug-loads that had a
high overall energy use either through high individual intensity or through market
saturation. Literature review was used to determine which plug-loads had high
expected energy use and that their usage patterns were not well understood. HVAC
equipment and major appliances (white goods)” appliances were specifically excluded
from the study. Four categories were created to prioritize the MELs being monitored.
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The prioritization schedule ranked the various MELs as High, Medium, Low or Zero
Priority. Based on literature review entertainment items such as televisions, set top
boxes and video game consoles were expected to have a high energy draw.
Additionally, information technology devices such as computers, printers and wireless
routers were also expected to have a high energy demand. Both entertainment items
and information technology devices were given a “High Priority.” Devices with a
rechargeable battery such as cell phones, Bluetooth headsets and electric toothbrushes
were given a “Medium Priority.” An “Other” category was created which contained items
such as coffee makers, radios, clocks, and wine coolers. These were given a “Low
Priority.”
With the sample homes identified and the prioritization schedule created the
Porter study team was prepared to start the plug-load monitoring. Teams of three
would visit the house and install the data loggers. The quantity of MELs ranged
between the various homes in the study. As a result not all home required the same
number of data loggers to record the available information. On average, 17 data
loggers were used per house. However, some homes used as few as five and others
as many as 35 depending on the quantity of plug-loads on the prioritization schedule
found in the home. The plug-loads were monitored for a seven day periods and data
were logged in intervals of 1 minute. Data loggers from Brand Electronics were
custom-designed to meet the specification of the study (Figure 2-2). Electricity billing
data were also collected from the home owner.
Porter study results
The Porter study found that on average homes in the study used between 1,069
and 1,207 kWh per year for their MELs costing the home owner approximately $150
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annually. According to the Energy Information Administration’s (EIA) 2001 Residential
Energy Consumption Survey (RECS) this represents approximately 9% of a typical US
home but is more that 15% of an average California home. The Porter study provides
detailed charts and graphical profiles of power averages by mode, duty cycle
percentages and annual energy use for over 70 product types. A key contribution that
the study made is developing weekday and weekend energy use profiles for
entertainment equipment, information technology equipment and all plug-loads
combined.
Current Methods of Calculating MELs
Miscellaneous electrical loads in homes are typically estimated in one of two
ways. The first way is for the user to provide detailed information about what types of
MELs are in the home and how often they will be used. A program is typically used to
provide the homeowner with an extensive list of appliances. The homeowner will then
indicate which of the appliances are used and approximately how often. The program
will have default energy consumption values for the appliances selected so that it can
calculate the total load. The program will have typical usage schedules, appliance
saturation data, and energy use characteristics to use as defaults if the user does not
input the home specific data. The US DOE’s “Home Energy Saver” website
(http://hes.lbl.gov/consumer/) is a web-based energy program which uses this approach
and will be described in more detail later (LBNL, 2012; Mills, 2008). This type of
program can produce very accurate results because there is a high level of user specific
data. Use of programs with detailed input information is more energy accounting than
energy modeling and not the goal of this research.
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The second way in which MELs are estimated is more in line with the research
goal of this dissertation. If user specific MEL data is not known they are typically
modeled with generic formulas based on national surveys and consumption data. The
most widely used home energy rating tool is RESNET’s Home Energy Rating System
(HERS) index (Fairey et al., 2006). The Energy Star program, LEED for Homes, the
Florida Green Building Coalition and the EPAct 2005 federal tax credit for high
efficiency new homes all use the HERS index as the basis for their energy performance
requirements. The HERS index is being highlighted because it uses a generic formula
method for calculating MELs. A second major home efficiency program that uses a
generic formula for calculating MELs is the Building America program. Both the HERS
index and the Building America’s means of calculating MELs will be described later in
this chapter.
Home Energy Saver
The Home Energy Saver website (http://hes.lbl.gov/consumer/) is an interactive
site designed by the Lawrence Berkley National Laboratories (LBNL) to help home
owners make informed decisions about energy use (Mills, 2008). The Home Energy
Saver website assumes the user is a layperson and starts with a minimum number of
user inputs to generate a projected energy use profile and recommended energy
efficiency measures (EEMs). However, the website allows for more detailed inputs to
increase the accuracy of the results. If requested inputs are not available, default
values based on “end-use surveys and engineering studies” are used (Mills, 2008).
The way that MELs are addressed by the Home Energy Saver website is by
taking a list of the most common MELs and calculating their total load. This calculation
takes into consideration mode, duty cycle and maximum energy draw. The heat load is
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also considered using hourly profiles and monthly load factors. The study uses
approximately 75 MELs with detailed usage profiles to create the Home Energy Saver’s
default MEL value. The usage profiles and power information came from several
published studies (McMahon and Nordman, 2004; Ross and Meier, 2000; Sancehez et
al., 1998) and “data compiled over the years by LBNL researchers (Mills, 2008).” The
total load is then multiplied by the market saturation to calculate a total MEL value. The
user can override any of the individual appliances in the list of 75 MELs as well as
adjust the usage pattern to increase the accuracy of the energy prediction (LBNL,
2012).
Building America
The Building America (BA) program is a department within the US DOE. The
program is an industry-driven research group with the charter of improving American
residential home’s “energy performance, durability, quality, affordability, and comfort
(US DOE, 2011a).” The overarching goal of the program is to “conduct research to
develop market-ready energy solutions that improve efficiency of new and existing
homes… (US DOE, 2011b).” The program takes advantage of national laboratories and
research teams to advance the adoption of improved energy efficiency technologies in
all climate types within the US Efficiency improvements are evaluated at the individual
and systems level and range from individual homes to entire communities. The specific
energy reduction goal is to reduce energy consumption by 30% from the “benchmark”
by 2013 and 50% by 2016 in the Hot/Humid climate type (US DOE, 2011b - Table 2-1).
To be able to reach these aggressive targets the BA program needed to first establish
what the “benchmark” was. The current BA benchmark is described in the Building
America House Simulation Protocol (HSP) (Hendron and Engebrecht, 2010). The HSP
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evolved from three key BA publications; Building America Performance Analysis
Procedures (2004), Building America Performance Analysis Procedures for Existing
Homes (2006) and Building America Research Benchmark Definition (2009)
(Engebrecht and Hendron, 2010). These documents will be summarized in the
paragraphs below.
Building America performance analysis procedures
The Building America Performance Analysis Procedures (BAPAP) was the first of
three publications that lead to the current HSP and dealt exclusively with new
construction. BAPAP established a baseline to measure the energy efficiency of
improved buildings. The baseline model was called the “benchmark” which is the term
that is still used with the present HSP. It was BA’s intention to use the benchmark to
“track and manage progress toward multi-year, average whole-building energy
reduction…using a fixed reference point (Hendron et al., 2004).” The benchmark
established with the BAPAP was very similar to the 1999 Home Energy Rating System
(HERS) Reference Home (Fairey et al., 2006). Many standard building features such
as duct leakage, water heater efficiency, and indoor lighting levels were provided. Fix
hourly energy usage profiles were also established which were not permitted to be
adjusted by the energy modeler for energy calculations. The term “prototype” was used
to describe more energy efficient designs to be compared with the benchmark (Hendron
et al., 2004).
The BAPAP provided instructions for how to calculate MELs. Major appliances
such as refrigerators, clothes washer and dryers, dishwashers and ranges were
disaggregated out of the MEL category. The energy use of each of these major
appliances was calculated independently. The non-major appliance MELs were lumped
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together in an “Other Appliance and Plug Loads” category. An important aspect of
MELs is not just their direct energy use but the heat that they generate. The BAPAP
established a sensible load fraction of .9 and a latent load fraction of .1. (These
fractions are updated in future benchmark revisions.) The BAPAP established a
rudimentary means of calculating the “Other Appliance and Plug Loads” category as a
function solely of the square footage of the home. (The current HSP uses square
footage, number of bedrooms and a state multiplier to calculate plug-loads.) Based on
the loads of a “typical 1,800sqft, three-bedroom house” the BAPAP provides the formula
of “1.67kW x Finish Floor Area” to calculate the total load (Hendron et al., 2004). It is
noteworthy that this is almost twice the current HERS index MEL model which uses
.91kWh/sqft.
A single hourly schedule is provided for all MELs specifically including the “Other
Appliance” category and all the major appliances. The hourly schedule is based on a
Lawrence Berkley National Laboratory study published in 2002 (Huang and Gu). Figure
2-3 demonstrates the Interior Residential Equipment profile used in the BAPAP
(Hendron et al., 2004).
Building America performance analysis procedures for existing homes
The Building America Performance Analysis Procedures for Existing Homes
(BAPAPEH) is the second of three documents in the evolution of the HSP. The
BAPAPEH is in response to the energy savings potential of 101 million existing
residential households and the BA goal of achieving 20% reduction in energy use by
2015. The BAPAPEH is the complement to the BAPAP that was focused on new
construction. The purpose of using BAPAPEH is to provide a “set of guidelines for
estimating the energy savings achieved by a package of retrofits or an extensive
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rehabilitation of an existing home (Hendron, 2006).” Although actual occupant behavior
will impact home energy uses significantly BAPAPEH is limited by providing standard
typical behavior profiles to be used in the benchmark and prototype energy models
(Hendron, 2006).
Similar to the BAPAP, the BAPAPEH provides baseline building inputs to be
used in the benchmark model. Building characteristics such as R-values of insulation,
air conditioning unit efficiencies and window fenestration are examples of the building
inputs that are provided in the report. A key difference between the BAPAP and the
BAPAPEH is that the latter provides varying inputs depending on the age of the
structure. For example the benchmark air conditioner unit will have an efficiency of
EER 7.5 if built between 1981 and1991 or an EER 6.5 if built before 1981. De-rating
factors are also available to adjust the benchmark to reflect the frequency that
maintenance was performed or the natural deterioration of building materials (Hendron,
2006).
A key difference between the two reports is how they calculate MELs. The first
key difference was the disaggregation of the “Other Appliance and Plug Loads”
category into two new categories; Plug-In Lighting and Miscellaneous Electric Loads.
The new “Miscellaneous Electric Loads” category replaced the “Other Appliance and
Plug Loads” category. BA adjusted the sensible load fraction and latent load fraction to
.66 and .02, respectively (formerly .9 and .1 in BAPAP). Perhaps the most significant
change between the two reports with respect to MELs is the development of new hourly
profiles. The BAPAP used a single hourly schedule for all major appliances and plugloads whereas the BAPAPEH provides individual profiles for refrigerators, clothes
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washers and dryers, dishwashers, cooking ranges and MELs. The MEL profile is an
aggregate for 100+ small plug-loads commonly found in homes (Hendron, 2006). The
large appliance profiles were based on the End-Use Load and Consumer Assessment
Program (ELCAP) study which will be discussed later (Pratt et al., 1989). However, the
MEL hourly profiles were derived by subtracting out the large appliance profiles from a
theoretical all electric, 1,800sqft, 3 bedroom house in Memphis, Tennessee. The report
acknowledges this limitation in the study by stating “Because the MEL profile is based
on a residual, it is susceptible to greater systematic errors and may be less realistic than
the profiles for major appliances (Hendron, 2006).” This is a significant short coming of
the BAPAPEH study but is addressed in the current HSP supported by the Mills study
(2008). The Mills study will be addressed later in this chapter (Hendron, 2006).
The BAPAPEH provided for one additional improvement to how MELs are
calculated. The new report revised the formula for how to calculate the gross MEL
energy usage. The previous version used a set value (1.67) that was multiplied by the
finished floor area of the home. BA recognized that some loads were near constant
despite the size of the house or number of occupants. Refrigerators are an example of
this constant load. BA also recognized that number of people in a home also impacted
the MEL intensity. “For BA’s analysis, the number of bedrooms is used as a surrogate
for number of occupants” as it is difficult to determine number of occupants on new
homes (Hendron and Eastment, 2006). Additionally, BA was able to quantify that MEL
intensity was also a function of geographic location. The new MEL calculation formula
published in Hendron report accounted for all three of these factors. The formula
published is shown below. The present HSP uses the same three factors but the actual
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multiplier values are different (HSP: MELall electric = 1703 + 266 x Nbr + .454 x FFA)
(Hendron, 2006).
BAPAPEH: MEL = (2803 + 0.316 x FFA + 194 x Nbr) x Fs
Where:
MEL = miscellaneous electric loads for the pre-retrofit case (kWh/yr)
FFA = finished floor area (ft2)
Nbr = number of bedrooms
Fs = state multiplier (New York = .82, California = .77, Florida = .94, Texas = 1.11, all
others = 1.00)
Building America Analysis Spreadsheets
As an alternative to using the MEL formula described above the user could elect
to calculate MELs based on the BA Analysis Spreadsheets (US DOE, 2011a; US DOE,
2011c). Using the Analysis Spreadsheets is an option not available under the BAPAP
report and is a tool that gives the user much more flexibility in calculating expected
MELs. The Analysis Spreadsheets contain product information and occupancy
behavior assumptions. It uses this information to calculate the MELs for benchmark
and high performance energy models. The MEL calculations are based on a list of over
120 of the most common appliances (US DOE, 2011c). The appliance data and usage
rates are based on nation-wide studies and the averages of large sample sizes.
However, of these 120 items less than 10% of them are calculated entirely using studies
less than 10 years old. Additionally, almost two thirds have unsubstantiated “bestguess” assumptions to calculate individual loads. While the Analysis Spreadsheets
provide an approximation of the expected MELs of the average home, updated and
statistically defendable consumption data is clearly needed to increase the accuracy of
the energy models using BA’s HSP.
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ELCAP study
As mentioned earlier the ELCAP study was a critical addition to the BAPAPEH
study. The Bonneville Power Administration is a utility provider in the Pacific Northwest.
Bonneville started the ELCAP program in 1983 with the purpose of “collecting actual
end-use load data [from] residential and commercial buildings (Pratt et al., 1989).” This
particular study focused solely on existing single-family, detached, site-built, owneroccupied houses with permanent electric space-heating equipment. The base study
included 288 homes that were selected from 4,000 randomly surveyed customers over
a period of four years (1984 – 1988). At the time of the study most end-use studies
typically measured a home’s total consumption, HVAC and hot water usage. The
HVAC and hot water load was deducted from the total consumption and the residual
was lumped into an “others” category. This study was unique in its time as it monitored
11 different end use categories. The categories specifically included heating, hot water,
cooling, ranges (cooking), refrigerators, clothes dryers, lights, special major appliances
(ie hot tubs, kilns, and workshops), freezers, clothes washers and dishwashers. The
monitoring of the devices was done at the circuit level. Circuit level monitoring has the
advantage of being more cost effective and convenient then individual appliance
monitoring but it exchanges this convenience with less reliable data. Several of the
appliances listed are on dedicated circuits so the integrity of the data is maintained.
These appliances included the HVAC unit, water heaters, ranges, clothes dryers and
most special major appliances. The HVAC unit is actually an aggregate of cooling and
heating but if summed together is isolated from the other end-uses. The ELCAP study
calls the data collected for these appliances “pure.” However, the remaining devices
likely have other devices on the same circuit and contaminated the data collected. This
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isn’t to say that the data is grossly inaccurate but the load from small appliances on the
same circuit unquestionably influenced the usage profiles. The BAPAPEH uses this
study as the bases for the hourly profiles for the refrigerators/freezers, clothes washers,
clothes dryers, dishwashers, and ranges. With the exception of the clothes dryer
category, all of the data used to create the appliance profiles are in the “non-pure”
category (Pratt et al., 1989).
Building America research benchmark definition
The Building America Research Benchmark Definition (BARBD) was the third of
three publications that built the foundation for the current HSP. The BARBD furthered
the program in two distinct ways. The first was that it increased the accuracy and
expanded the scope of building characteristics and occupancy schedules of the
benchmark and prototype models. The second was where the BAPAP and BAPAPEH
focused solely on single-family houses, the BARBD also included detached singlefamily housing as well as multi-family housing (Hendron and Engebrecht, 2009).
In terms of MELs the BARBD had some significant additions from the previous
two studies. One addition included the hourly profile for a common laundry room to
facilitate multi-family buildings. However, all large appliances for attached and
detached single-family homes remained the same as what was indicated in the
BAPAPEH report. A second significant difference in the way the BARBD deals with
MELs is that it created three formulas to calculate MELs instead of only one indicated in
the BAPAPEH (MEL = [2803 + 0.316 x FFA + 194 x Nbr] x Fs). The three formulas
divide MELs into Variable MELs, Fixed Misc Loads for an all-electric house and Fixed
Misc Loads for a mixed gas/electric house. The formulas are shown below (Hendron
and Engebrecht, 2009).
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Variable MELs = (1281 + 196 x Nbr + .345 x FFA) x Fs
Fixed Miscellaneous Loads (All-Electric) = (319 + 53 x Nbr + .083 x FFA) x Fs
Fixed Miscellaneous Loads (Gas/Electric) = (150 + 25 x Nbr + .039 x FFA) x Fs
Where:
MEL = miscellaneous electric loads for the pre-retrofit case (kWh/yr)
FFA = finished floor area (ft2)
Nbr = number of bedrooms
Fs = state multiplier (New York = .82, California = .77, Florida = .94, Texas = 1.11, all
others = 1.00)

Building America house simulation protocol
The BAPAP, BAPAPEH and BARBD are all steps in the evolution to the Building
America HSP. The HSP is intended to be the definitive protocol for baseline and high
energy efficient models. The three stated purposes of the protocol are 1) “[To] cut
across climate regions, types of construction, income levels, scale and vintage” in
developing energy models, 2) “To track and manage progress toward multi-year, wholehouse research goals for new construction and existing homes.”, and 3) “Help program
partners perform design tradeoffs and calculate energy savings from homes that are
built/remodeled as part of the program (Engebrecht and Hendron, 2010).” The protocol
is divided into three sections. The first deals with physical components of new
construction consistent with standard building practices in 2010. The second section is
related to the physical components of existing homes. The final section provides
operating conditions for both new construction and existing homes (Engebrecht and
Hendron, 2010).
Although many of the concepts and parameters from the BAPAP, BAPAPEH and
BARBD were carried into the HSP several significant changes were made. Some of the
nomenclature changed specifically with baseline and new high efficiency designs. High
efficiency designs which were formally called “Prototypes” are called “New Construction
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Test Homes” (NCTH). The term “benchmark” was also revised to “B10 Benchmark” to
reflect the energy code it incorporates. The benchmark before the HSP was based on a
mid-1990s home however the B10 benchmark is based on the 2009 IECC energy code.
Large appliances, lighting and MELs were also revised from a typical mid 1990s home
to 2010 standards. The HSP provides a fairly comprehensive list of building
characteristics and parameters to be used in energy models (Engebrecht and Hendron,
2010).
With relation to MELs the HSP advanced the previous three NREL studies in four
key ways. First, the MEL formula was adjusted again. In the BARBD study MELs were
calculated by using two of three available formulas (Variable MELs and Fixed Misc
Loads for an all-electric house or Fixed Misc Loads for a mixed gas/electric house).
The HSP eliminated the Variable MEL formula and incorporated it into the two
remaining formulas which are shown below.
Miscellaneous Loads (All-Electric) = (319 + 53 x Nbr + .083 x FFA) x Fs
Miscellaneous Loads (Gas/Electric) = (1595 + 248 x Nbr + .426 x FFA) x Fs
Where:
MEL = miscellaneous electric loads for the pre-retrofit case (kWh/yr)
FFA = finished floor area (ft2)
Nbr = number of bedrooms
Fs = state multiplier (New York = .82, California = .77, Florida = .94, Texas = 1.11, all
others = 1.00)

The second important change made in the HSP with relation to MELs is the
adjustment of the sensible and latent load fractions. The HSP used a .734 and .2
sensible and latent load fractions, respectively for both all electric and mix electric/gas
homes. A third important contribution was the introduction of seasonal multipliers for
major appliances and MELs. Before the HSP all loads were applied uniformly
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throughout the year. The newly added seasonal multipliers adjust the loads to more
accurately reflect actual occupant behavior. These multipliers were derived from the
Mills study which will be discussed later in this chapter (Mills, 2008).
A fourth significant improvement made in the HSP with respect to MELs is the
further disaggregation of MELs into smaller subcategories with additional individual
hourly profiles. These subcategories include freezer, home entertainment, waterbed
heater, spa heater, spa pump, pool heater, pool pump, ceiling fans and “other” MELs.
The hourly profiles for all of these appliances were created from the Mills study (2008)
with the exception of the ceiling fan profile which was derived from a Florida Solar
Energy Center study (Parker et al., 2011). Both of these studies will be reviewed later.
The MEL hourly profile found in the HSP is shown in Figure 2-4. The numerical data
can be found in the BA Analysis Spreadsheets (US DOE, 2011c). Two categories of
MEL that are notably not disaggregated in the HSP are small kitchen appliances and
home computing devices and represent a significant percentage of residential MELs
(Engebrecht and Hendron, 2010; Roth et al. 2008b). Although not addressed in this
research the BA program has acknowledged that “further research is needed in…
hourly profiles for MELs (Engebrecht and Hendron, 2010).”
Residential Energy Services Network
In the early 1980s, the mortgage industry began to understand that there was a
correlation between a home’s energy utility cost and the ability for the home owner to
pay their mortgage. The industry created the National Shelter Industry Energy Advisory
Council to quantify the financial savings from an energy efficient home and to include
this with the home owners lending capacity. Although well intentioned, the council could
not get energy mortgage programs to be widely accepted because there was “no
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uniform method of efficiency evaluation (RESNET, 2012).” With partners from the
National Association of State Energy Officials and the mortgage industry, the council
was re-created into the current Residential Energy Services Network (RESNET). The
newly formed RESNET had the sole charter of “develop[ing] national standards for
home energy ratings and to create a market for home energy rating systems and energy
mortgages (RESNET, 2012).” RESNET’s answer to this challenge was the Home
Energy Rating System (HERS) score which evolved into the current HERS index.
Home energy rating system (HERS) index
The HERS index is a point based rating system that measures the energy
efficiency of a home. The baseline is a code compliant “American Standard Home”
which has a score of 100 (Fairey et al., 2006). Each point represents one percentage
point of how energy efficient the home is. A home that is 15% more energy efficient
than a standard code compliant home would receive a score of 85. A net zero energy
home would receive the lowest possible score of zero. The home rating is provided by
a RESNET certified home inspector. The inspector uses the “HERS Reference Home”
as a benchmark to compare the rated home. The HERS Reference Home is defined by
the protocol outlined in the 2006 Mortgage Industry National Home Energy Rating
System Standards (HERS standards) and subsequent revisions (RESENT, 2006).
In previous RESNET rating standards only heating, cooling and hot water use
were considered. Traditionally energy codes also limited what they address to these
three end uses (Fairey et al., 2006). However, the 2006 HERS standards included
appliances and lighting. Specifically, indoor lighting, outdoor lighting, refrigerators,
clothes dryers, clothes washers, televisions, dishwashers, ceiling fans, ranges and
ovens, and residual MELs were all individually accounted for. Equation 3 and Table
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303.41.1.7.1(1) found in Chapter 3 of the HERS standard provide the specific method
for calculating the “lighting, appliances and miscellaneous electrical loads” for HERS
Reference Homes (all electric). Figure 2-5 exhibits an excerpt from the HERS standard.
The HERS Equation 3 is found below:
kWh per year = a + b*CFA + c*Nbr
Where:
“a”, “b”, and “c” are values provided in Table 303.4.1.7.1(1)
CFA = conditioned floor area
Nbr = number of bedrooms

The above equation has three coefficients and two user inputs. The user inputs
are conditioned floor area and number of bedrooms. The coefficient “a” is not multiplied
by either of the user inputs. The HERS standard assumes that all homes have a fairly
consistent minimum fixed MEL. This minimum fixed MEL is then adjusted up based on
size of the house (coefficient “b”) or number of people who live in it (coefficient “c”). The
very notable exception to this is the “Residual MELs” category. Residual MELs, which
is best defined by everything that is not otherwise listed in the HERS standard, is
calculated entirely based on the size of the home. The supposition of this research is
that this is a shortcoming of the HERS standard as at a minimum there is an obvious
link between number of occupants and how often smaller appliances and plug-loads are
used.
Parker study
An important step of this research is to understand the specifics behind how
Table 303.4.1.7.1(1) was created with particular interest in the 0.91 value for Residual
MELs coefficient “b.” The values of the coefficients have evolved since the introduction
of the HERS standards but the current revision is based on a study conducted jointly by
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FSEC and NREL referred to here as the Parker study (Parker et al., 2011). The Parker
study used two primary data sources to make statistical correlations between MELs and
the three coefficients described above. The two primary sources were the 2005 RECS
and a report commissioned by the US DOE and conducted by TIAX, LLC referred to
here as the Roth study. The Roth study will be reviewed later in this chapter. Both the
RECS (2009) and the Roth study were also primary contributors to this dissertation.
All nine categories of MELs in Table 303.4.1.7.1(1) of the HERS standard are
directly addressed in the Parker study and the recommendations provided were
accepted without any alterations. All of the categories, with the exception of “Residual
MELs” use a similar methodology to determine the correlation between size of home
and number of occupants with total energy use. RECS data was used to estimate the
market saturation and proliferation of particular appliance characteristics such as size,
type, efficiency level and duration of use for the eight MEL categories. The RECS did
not provide any direct information about the energy consumption of any specific
appliance. The Roth study, as well as several other studies, were used to fill in this
missing information for this dissertation. Using the RECS, statistical inferences were
drawn between size of the home and number of bedrooms. The 2005 RECS had a
large sample size of over 4,000 survey respondents and was a good sample to
represent the US housing stock. It is worth mentioning that the 2009 RECS expanded
the sample size to over 12,000 survey respondents.
Although eight of the nine MEL categories were calculated using very similar
methodology the “Residual MELs” category was calculated very differently. Using data
from the Roth study, the Parker study listed the 26 highest consuming MELs with an
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additional category called “other miscellaneous.” Figure 2-6 is a copy of Table 2 from
the Parker study and shows all 27 items. The unit electrical consumption (UEC)
provided in Figure 2-6 is the total annual energy consumption including the various
modes of that product type. The saturation is how many of the product types are in
each household. The Roth study was the primary source of UEC and saturation data.
It is important to note that the saturation came from the 2001 RECS which is currently
two generations out of date. All of the items in Figure 2-6 are specifically addressed in
the 2009 RECS with the exception of clothes iron, vacuum cleaner, hair dryer, water
bed, security system, clock radio and other miscellaneous. The UEC is then multiplied
by the saturation to determine the average energy consumption for that product type.
An “Other Miscellaneous” category is also included which is approximately 20% of the
whole consumption (329kWh/1,714kWh). Table 2-2 provides the breakdown for how
the “Other Miscellaneous” value was calculated. Table 2-2 is not provided in the Parker
study but was provided directly by contacting the authors. All 27 items are summed
together with an additional 10% added for expected advancements in peripheral home
electronics and entertainment devices. The total Residual MEL is 1,714 for an
“average” home. An “average” home was defined as a 1,900sqft home with 2.8
bedrooms based on 2005 RECS and Census data. The average MEL load of
1,714kWh was divided by 1,900sqft to develop the Residual MELs “b” coefficient of .91
There does appear to be a discrepancy between the data provided in the Roth
study and the referenced source data. Figure 2-6 indicates that the UEC for well pumps
is 862kWh and references the Roth study (TIAX Report) as its source. It is believed
that the UEC published in the Parker study actually came from the California Residential
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Appliance Saturation Study (RASS – Volume 2) which estimates the UEC for single
family houses to be 862kWh (KEMA, 2010).

The Roth study does not address well

pumps directly but republishes the findings from a report from Arthur D. Little Inc (ADL)
(Zogg and Alberino, 1998). ADL and subsequently the Roth study published the UEC
for well pumps as 83.4kWh. Later in this chapter when the ADL findings are discussed
it will be noted that the 83.4kWh seems quantitatively low. However it is far less than
what is shown in the Parker study. The saturation of well pumps is relatively low (17%)
so it does not affect the HERS “b” coefficient greatly. A revised UEC calculation will be
performed for the well pump and described in Chapter 5.
Parker study – refrigerators
The Parker study did a detailed review of the 2005 RECS to understand what
impact home refrigerators have on the total energy used in a home. The study found
that nearly every home in the US has a refrigerator and that there is a great deal of
variation in energy use in this subcategory. The data showed that on average a US
home uses 1,360kWh while modern refrigerators use 800kWh/year and units
manufactured before 1980 used more than 2,000kWh. Two high level conclusions were
drawn from their review of the RECS. First, 30% of single family detached homes use a
secondary refrigerator. Second, many of the secondary refrigerators are older and less
efficient than the primary refrigerator. The study indicated that over 50% of secondary
refrigerators were at least 10 years old (Parker et al., 2011). The study provided a
regression analysis and derived correlations between number of bedrooms and
refrigerator quantity and size. An important distinction between the BA program and
RESNET is that BA includes secondary refrigerator in MEL whereas RESNET excludes
it.
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Parker study – televisions
The Parker study also provided a calculation for estimating the electrical load for
a home’s television load. The study estimates that approximately 4% of all household
energy use is consumed with televisions. After a review of the 2005 RECS the study
statistically confirms two fairly intuitive conclusions that are important in the study of
MELs. First, the primary television is typically larger and second is used more often
than the other televisions in the home. However, number of televisions does not
influence energy consumption in a meaningful way. Television use profile and what
type of unit it is are far more influential to total energy consumed than their numbers.
As actual viewing hours and energy use of the television are not often known, the study
uses a regression analysis to derive a correlation between number of bedrooms in a
home and television energy use. The correlation is based on the 2005 RECS which
surveyed the number of televisions and asked survey participants to approximate their
televisions viewing habits. Actual data logging of the individual appliance would likely
have produced more accurate results but was not included with the RECS protocol.
Table 2-3 demonstrates the total estimated power draw from television use as
estimated by the Parker study. Similar to refrigerators, the BA program and the
RESNET differ in their inclusion of televisions as a MEL. The BA program includes it as
a MEL but RESNET accounts for it separately in their MEL formula and does not
consider it a residual MEL.
Parker study – ceiling fans
One of the goals of the Parker study was to better approximate the energy use of
ceiling fans. Based on the 2005 RECS, 69% of homes have at least one fan. This is an
increase of 27% from the 1997 RECS data. Based on the national survey there were
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approximately 2.9 ceiling fans per home. This number is greatly influenced by
geographic region (South-3.2 fans, Midwest-2.8 fans, Northeast-2.6 fans, and West-2.4
fans). Fans typically have variable speeds which influences energy use. The study,
based on previous FSEC papers, estimated that fans on low speed used 10-20W,
medium speeds 25-45W and on high speeds 75-95W. Energy use is of course
influenced by the efficiency of the model. Energy Star rated fans are required to be a
minimum of 20% more efficient than a comparable unit.
The Parker study relied heavily on a FSEC fan study conducted in the late 90’s
(James et al., 1996). The FSEC fan study monitored the use of fans in 400 Florida
homes to determine if there was an impact on thermostat set points. The study found
that ceiling fans were used 13.5 hours during week days and 14.2 hours on weekends.
On average one-third of the homes in the study reported leaving their fans on 24 hours
a day. Based on the FSEC study the Parker study generated the ceiling fan diversity
factor indicated in Figure 2-7. Ceiling fan is another example where the BA program
includes the appliance whereas RESNET calculates it separately from their residual
MELs.
Roth study
As described earlier, RESNET’s residual MEL calculation was adopted entirely
from the Parker study. The Parker study retrieved UEC and market saturation almost
exclusively from a study commissioned by the US DOE referred to here as the Roth
study (Roth et al., 2008b). The US Department of Energy has a long standing interest
in MELs. This is particularly true for their Building Technology Program that has set a
research goal of developing cost-effective net zero-energy homes by 2020. In pursuit of
this goal the US DOE commissioned TIAX, LLC to draft a report to provide the current
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state of MELs and the anticipated MELs in 2020. The study’s title is Residential
Miscellaneous Electric Loads: Energy Consumption Characterization and Savings
Potential in 2006 and Scenario-Based Projections for 2020 (Roth et al., 2008b). The
study breaks down MELs into 21 key product types and 9 secondary product types
(Figure 2-8). The Roth study is a significant source of data for this research as it
provides detail product type information which specifically includes average household
electricity consumption for MELs, energy consumption per mode, market saturation,
number of devices per home, and nominal power usage.
The Roth study evaluates product type energy consumption in two ways. The
first way that MELs are calculated is by taking the total MEL value and dividing it by the
115 million households in 2006. The study calls this the average household electricity
consumption (average HEC). The second method for calculating MELs was to calculate
the MELs for a “typical” household. Typical household do not contain uncommon
secondary MELs like pool pumps or waterbed heaters. This method is called the typical
household electricity consumption (typical HEC). For example the average HEC
method would include 2.4 televisions and .03 water beds per home. The typical HEC
method would calculate the MEL value as two televisions and zero water beds. The two
methods produced very similar results with a total difference of only 4%.
Roth study methodology
This dissertation used the same basic calculation for quantifying the total
electrical load for each of the product types as the Roth study. First the annual usage
pattern is multiplied by the power draw by mode to determine the devices annual Unit
Electricity Consumption (UEC). The UEC is then multiplied by the residential stock to
calculate the annual energy consumption. To determine the annual energy
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consumption at the house level or household energy consumption (HEC) the number of
product types per home is substituted for the residential stock number. Residential
stock is the number of devices in all US residential buildings and was approximated
using “industry market reports and the EIA Residential Energy Consumption Survey
(Roth et al., 2008b).” Estimated power draw will vary by mode. Most of the product
types reviewed in the Roth study had at least two modes, on and off, but many had a
third low power / stand-by mode. The Roth study estimated the power draw for each
mode as part of its calculation. The power draw values came from a variety of
measurement reports and a limited number of past TIAX, LLC studies. The usage
patterns refer to the hours per week that a device operates in a particular mode.
“Historically, developing accurate estimates for MEL usage has been very challenging
…” and “in general, relatively few statistically significant and nationally representative
measurements of residential MEL usage patterns exist (Roth et al., 2008b).” Most of
the usage patterns used in the Roth study came from past consumer research which
obtained their data from occupant survey. The Roth study reports that “we expect that
device usage patterns [will] have the greatest uncertainty of any components to the
[annual energy consumption] calculations for most MELs (Roth et al., 2008b).”
In addition to the 21 key product types and 9 secondary MELs, the Roth study
also developed “initial estimates” for 71 other appliances (Roth et al., 2008b). These
initial estimates use other studies as the bases for their UEC calculation and then
adjusted with current market saturation data. The appliances on the list have a “high
degree of uncertainty” but are the best UEC data available (Roth et al. 2008b). Both the
HERS index and the BA analysis spreadsheet use the UEC data for these 71
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appliances extensively. One appliance which was expected to have a high UEC but
stood out as quantitatively low was the well pump. The energy consumption data for
the well pump came from the “Electricity Consumption by Small End Uses in Residential
Buildings” by Arthur D. Little, Inc. (ADL) for the US DOE in 1989 (Zogg and Alberino).
The ADL study assumed that a residence would require 10 gpm flow rate at a pressure
between 30 and 50 psi. No information is provided on the assumed well depth or pipe
size. The pump size was also not provided but the study indicated that they assumed it
to have an average energy consumption of 725W and be used 115hr/year
(19minutes/day). The wattage and time-on information are “engineering estimates” and
“far lower than other estimates would suggest (Zogg and Alberino, 1998).” The other
estimates that the ADL report references are from a study by LBNL (Sanchez et al.,
1998) and the EIA’s Household Energy Consumption and Expenditures 1993 report (US
EIA, 1995) which had 380% and 173% higher UEC values, respectively.
The ADL study does not indicate the well depth assumed. However, The Water
Systems Council indicates that most wells are between 100 and 500 feet in depth
(2003). The well pipe size is also not provided. However, for a 10gpm system
(indicated in the ADL study) a 1-1/2” pipe inlet is commonly used (Midwest Plan
Service, 1979). Assuming a well depth of 300’, the same average service pressure of
40psi (service pressure = 92.4’), 10’ of vertical lift, and the friction loss from a 4” pvc well
pipe (2.5’) the total dynamic head pressure of a common well system is 404.9’. Using
the Red Jacket “12G” submersible Pump series the best size well pump would be a 11/2 horse power (Red Jacket, 2012 - Figure 2-9). The horse power for the well pump in
the ADL study is not provided but the 725W best describes a ½ horse power pump
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(Xylem, 2012). Energy consumption for “typical” well pumps is not well researched and
the studies available vary widely in their UEC estimates. The review of the literature
found that the UEC estimates for well pumps are as low as 83.4 (Roth, 2007; Zogg and
Alberino, 1998) and as high as 862kWh (KEMA, 2010; Parker et al., 2011) with several
studies in between (Meier and Greenberg, 1992; Sanchez et al., 1998; US EIA, 1995;
Willson and Morrill, 1990). Despite the range, based on the calculation shown above
the UEC findings of the ADL study seem to underestimate the energy consumption of
the average home owner. Because of this, the well pump UEC recommended by the
ADL study and repeated in the Roth study was not used in this dissertation in its
calculation of the MELs. The revised UEC and how it was used in the MEL calculation
will be elaborated on in Chapter 4.
California residential appliance saturation study
The Roth study used an extensive list of sources to collect their data. However,
three major sources were the California Residential Appliance Saturation Study (RASS),
the LBNL’s Energy Data Source Book and the EIA’s Residential Energy Consumption
Survey (RECS). These sources were also used extensively in the BA’s analysis
spreadsheets. The RASS was sponsored by the California Energy Commission and
provides energy consumption data on 27 MELs. The data was collected by surveying
over 24,000 California residents. The survey provided information on a large range of
topics but specifically collected data on housing type, age of occupant, income of
occupant, number of various product types, and usage patterns of product types.
Although the data provided is specific to California, many extrapolations for a nationwide study can be made. The information of particular relevance for this research is the
market saturation of product types, the hours used by mode and energy draw by mode
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of product types. The RASS also provides statistical comparison between the occupant
characteristics and product types energy usage (KEMA, 2010).
Residential Energy Consumption Survey
A major source of the Roth study comes from the Energy Information Agency’s
Residential Energy Consumption Survey (RECS). Since 1978, the EIA has been
collecting and publishing residential energy use data. The RECS use occupant
interviews in combination with data from the utility providers to “collect energy
characteristics on the housing unit, usage patterns, and household demographics” of
the residential market (US EIA, 2011a). This research will be using the most current
2009 RECS data. The RECS are published every 4 years so the next revised set of
data will be from the survey conducted in 2013.
Although the RECS information is used to represent the nation as a whole the
surveys have traditionally only been conducted in the four most populous states;
Florida, Texas, California and New York. The number of states was increased in 2009
to include 16 states. In addition to the four most populated states, Pennsylvania,
Illinois, Michigan, Georgia, New Jersey, Virginia, Massachusetts, Tennessee, Arizona,
Missouri, Wisconsin and Colorado were included with the survey. Based on the
information collected the additional 12 states increased the accuracy of the survey to
approximate the energy use of 63% of all homes and 64% of all US citizens (US EIA,
2011b).
The information is collected by interviewing randomly selected housing units.
The housing unit sample set is first created by randomly selected counties. The
selected counties are then divided into census blocks called segments. The segments
are then randomly selected in which randomly selected housing units are then picked to
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be interviewed. Interviewers trained by the EIA are then sent to the selected homes to
personally interview the occupant. Each interviewer is equipped with a laptop computer
in which they record the answers to a standardized questionnaire. In addition to the
occupant questionnaire the local utility company is also surveyed to collect specific data
on the homes whose occupant was interviewed. The utility company provides the EIA
with total quantities of energy used from electricity, natural gas, fuel oil, and propane as
well as pricing information (US EIA, 2011c).
Energy Data Sourcebook for the US Residential Sector
Although the information may be dated, there is value in exploring the studies
that the BA Analysis Spreadsheet used to generate its MEL estimate. The current
version of the spreadsheet referenced 22 data sources. One of the key studies the BA
Analysis Spreadsheets use is the Energy Data Sourcebook for the US Residential
Sector (Wenzel et al., 1997). The purpose of this US DOE funded study was to create a
single resource to provide residential energy modelers a comprehensive data source for
all end-use Unit Energy Consumption (UEC). The report specifically acknowledges its
intent to be “the most extensive compilation of the major data elements necessary for
end-use energy demand forecasting in the residential sector (Wenzel et al., 1997).” The
study specifically provides end use data for heating and cooling, water heating,
refrigerators, freezers, dishwashers, clothes washers, clothes dryers, lighting, cooking,
televisions and miscellaneous loads. For the purpose of this literature review the
analysis of the work will focus on the plug-in loads (Wenzel et al., 1997).
Energy data sourcebook for the US residential sector - refrigerators
The Wenzel et al. study found that there was a great deal of variation in the
amount of electrical energy consumed with refrigerators. The variation comes from the
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many differences in make, model, size and number of times the door is opened. In
addition, many home owners own a second refrigerator which also skews the data
significantly. The data for the study was collected in 1990 and at that time the average
power consumed for a common refrigerator ranged from 1,144kWh/year to
1,338kWh/year. This data is not relevant for this dissertation due to the significant
increase in performance required by current appliance standards. The study indicates
that “a reduction in ambient temperature by only a few degrees can reduce energy use
by 5 to 20 percent (Wenzel et al., 1997).”
Energy data sourcebook for the US residential sector - televisions
This study was published in 1997 and at this time the use of televisions
accounted for 5% of all residential energy use (Wenzel et al., 1997). The Wenzel study
found that the average color television consumed 513kWh/year. The amount of energy
used for televisions will have great variation from one home to the next. Factors like
size, energy efficiency, number of sets and hours on per day provide a significant range
in power consumption. This study used the same assumptions that the Department of
Energy used for television usage which was that the set was in active use for 6hrs/day
and in stand-by mode for 18hr/day. At the time of the study there was an average of
two set per household and the life expectancy of the unit was 11 years.
Energy data sourcebook for the US residential sector - miscellaneous electrical
loads
The Wenzel et al., study indicates that in 1995, 25% - 33% of all residential
energy use came from unspecified end uses or Miscellaneous Electrical Loads (MELs).
A significant finding of the study was the trending of the MELs. The total residential
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energy consumed for MELs in 1980 was 96TWh but in 1995 this figure nearly doubled
to 180TWh.
Developing and testing low power mode measurement methods
In 2002 the California Energy Commission sponsored a study by the Lawrence
Berkeley National Laboratories to determine the quantity of residential energy being
used by appliances in the stand-by mode (McMahon and Nordman, 2004). The study
measured the power draw in stand-by mode for 280 devices located in 8 single family
homes. The sample size of homes was relatively small because the purpose of the
study was to be a pilot study to organize and plan out a larger and more encompassing
future study. Despite the limited scope of the study the finding indicated that stand-by
power accounted for an average of 1,000kWh/year. The Roth study used its data in its
estimates of various appliances UEC and was also used by this dissertation to generate
a comprehensive list of residential plug-loads.
Existing MEL Energy Efficiency Measures
Current practices for reducing MELs fall into the two general categories of
technical or behavioral (Mohanty, 2001). Perhaps the most obvious of the technical
improvements is increased energy efficiency from advances in technology. Old style
CRT computer monitors for example use twice the energy to operate than modern LCD
monitors and four times as much as Energy Star rated units (Roth et al., 2008b).
Equipping units with sleep or low power modes is another improvement that many
appliances have adopted. However, having the option of a low power mode is only
effective if the owner chooses to use it. Many manufacturers have encouraged reduced
energy use by having low power setting enabled as the factory default. Providing
energy guide labels that inform consumers of expected energy cost has been very
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successful with major appliances. Having smaller appliances list their energy
consumption would similarly use market pressure to decrease energy use (US IEA,
2001). Changing the behavior of the occupant is another way of reducing MELs.
Opower is a company that partners with utility providers to analyze households and
provide them with comparisons between their energy use and their neighbors.
Participation in the Opower program has yielded an average savings of 2.8% of the
homes total energy consumption with some municipalities experiencing over a 6%
decrease (Parker et al., 2011). Home automation through the use of timers and
occupancy sensors is another way of reducing MELs. Energy dashboards and smart
meters are devices or networks of devices that provide the householder real time
feedback on their energy use. Several nationwide studies have shown that when
householders are provided this instant feedback total energy consumption is reduced
from 5 – 15% (Parker et al., 2011). Stand-by power is the energy used by an appliance
when it is not functioning or is in the off mode. It is sometimes called a phantom load,
vampire draw or leaking electricity. Existing literature indicates that stand-by power
accounts for 2 – 23% of a household’s total energy use (Fung et al., 2003; Meier, 2001;
Meier and Huber, 1997). This dissertation will test the effectiveness of a measure that
saves energy by reducing stand-by power. However other stand-by power EEMs are
available.
Unplug the Appliance
Perhaps the most basic way of reducing standby power draw is to simply unplug
the device when not in use. Although absolutely effective, this has not been widely
embraced because of the inconvenience of continually plugging and unplugging
appliances. This is especially true for home entertainment and home computing
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equipment where the electrical receptacle is not always easily accessible. Unplugging
appliances can be made more convenient by using a surge protector with an integrated
switch where several appliances can be disconnected all at once. However, here again
easy access can still be an issue.
Smart Power Strips
Many home owners have found another way of reducing MELs by using smart
power strips. Smart power strips look very similar to typical home surge protectors.
Smart power strips are used in locations where several related appliances are operated
at the same time such as home entertainment and home computing areas. Each strip
has a receptacle designated for the “master appliance.” The other receptacles are for
the peripheral equipment. Most models also include receptacles that are uncontrolled.
The smart power strips can detect when the master appliance is in standby mode
mostly from the reduced Wattage. When the reduced Wattage is detected it shuts
power off to the peripheral equipment. According to the Building America analysis
spreadsheets the primary television is in standby mode for 16.9hrs/day. Using the
power values provided by the analysis spreadsheets, if a VCR (4.5W/hr), compact
stereo (7W/hr), power speakers (2W/hr) and the cable box (15W/hr) where plugged into
a smart power strip the standby power reduction would be 176kWh/year. Assuming the
Florida average electric rate of $.1165/kWh there would be an annual savings of just
over 20 dollars a year. The Bits Limited 10-Outlet Energy Saving Surge Protector cost
$44.99 on Home Depot’s website and would pay for itself in just over 2 years. An
important clarification to make is that in this calculation the cable box was included and
had the highest standby draw. Many cable boxes have lengthy start up times which
may make this EEM too inconvenient to justify the savings.
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Smart Power Strips with Occupancy Sensors
In the same vein as the smart power strips are the smart power strips with
occupancy sensors. These power strips use occupancy sensors instead of master
appliances to determine when the peripheral outlets should be disconnected. The
WattStopper Plug Load Power strip cost $90 on the WattStopper website.
Timers
The use of timers is another way of reducing stand-by power draw. Timers have
the advantage of being relatively low cost (5 – 15 dollars) and can be specific to an
individual appliance. To provide an order of magnitude of effectiveness assume a
microwave use 3W/hr in standby mode and you set the time to disconnect power from
11:00pm to 6:00am. That would provide an annual savings of 7.7kW/year and a simple
payback period of 6 years.
Occupancy Sensors for Task Lighting
Depending on how you define MELs task lighting may or may not be included.
However, occupancy sensors that screw into the Edison socket can help reduce wasted
task lighting energy with very minimal installation effort. The inactivity timer is fully
adjustable by the user.
Energy Dashboards
Energy dashboards are electronic devices that track real time energy
consumption. Most residential monitoring systems are wireless with one or more
central monitoring stations. These systems monitor overall consumption at the main
electrical panel with 2 current transformer (CT) rings that clamp around the two leads
into the panel. For individual plug-loads, wireless current transmitters plug directly into
a receptacle and monitors usage. All of the data collected is displayed on monitoring
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stations with the intention of allowing the householder to make better use of their energy
with real time consumption feedback. These stations usually provide current electrical
consumption in terms of kWh and cost as well as the potential to provide historical
consumption information (Wilson, 2008). There are no shortages of studies on the
potential savings form Energy Dashboards. Nationwide studies indicate that providing
this real time feedback will save the householder between 5% and 15% of their total
energy use (Bonino et al., 2012; Darby, 2006; Parker et al., 2011; Roth and Brodrick,
2008; Stein, 2004; Wiggins et al., 2009). The area that is most undefined in energy
dashboard studies is how occupant behavior impacts building energy performance (Lee
et al., 2011). Changing occupant behavior will be discussed later in this chapter.
Whole-House Switch
Another EEM that householders have available to them is the Whole-House
Switch (WHS). The WHS is sometimes called the whole-house control switch or master
kill switch and as its name suggest control multiple devices from a single control point.
The energy savings can come from two ways; reduction in stand-by power and reducing
the time when appliances are on but not being actively used. There are two types of
WHS that will be elaborated on. The first type of WHS will be referred to here as the
“plug-load WHS.”
As the name suggest the plug-load WHS is limited to plug-in type appliances.
The basic setup has two components; disconnectors and a controller. The disconnector
is plugged into an electrical receptacle and the appliance is then plugged into it. The
disconnector acts as a switch to sever power to the appliance and is commanded by the
controller. Multiple disconnectors can be programmed to the same controller. As the
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installation is very simple with no modifications to the home required the plug-load WHS
is ideal for retrofits and renters.
The second type of WHS will be referred to as the “circuit level WHS.” The
circuit level WHS provides energy savings in a similar way as the plug-load WHS but
saves additional energy in 3 distinct ways. First, oftentimes non-plug-loads are left on
mistakenly. A classic example is ceiling fan use. In the Parker study (one of the studies
used in the Building America House Simulation Protocol), 400 Florida homes were
monitored and found that over one in three homes left fans on 24hrs a day. The circuit
level WHS will also reduce stand-by power in hardwire loads such as GFCI receptacles.
Each GFCI uses approximately .7W/hr to operate (Engebrecht and Hendron, 2010).
There will also be savings from other hardwire loads such as doorbells, intercoms and
other low voltage systems. The third and perhaps largest advantage is that it will be
able to reduce standby power loss on more appliances with fewer disconnectors. For
example one circuit level disconnect in the kitchen could sever the power for the
microwave, coffee maker, toaster, and portable radio instead of requiring a plug level
disconnector for each appliance. There are two main disadvantages to the circuit level
WHS. First, circuit level disconnectors are more involved in their installation and are
beyond the abilities of most householders to install. This makes them more suited for
new construction than retrofits. The second disadvantage is that it doesn’t provide
flexibility to the householder for appliances they don’t want de-energized but are on the
circuit. For example, if the microwave clock is a service that the home owner is not
willing to give up than no appliance on the circuit would enjoy any energy reduction.
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Both the plug and circuit level WHS can be implemented using off the shelf
technology. One possible line of products that could accomplish this is Z-Wave
compatible products although there are others such as Zigbee. Z-Wave (and Zigbee) is
a proprietary protocol that allows for multiple manufactures to be compatible with one
another. Z-Wave smart relays are available to shunt residential circuit breakers thus
de-energizing entire circuits. The Z-Wave switches look like a standard wall switches
and fits inside a single gang electrical junction box. Z-Wave receptacle disconnectors
look just like a normal receptacle but are controlled by the master Z-Wave controller.
Similarly there are plugs in disconnectors that look like common surge protectors.
There are also Z-Wave compatible thermostats that can be linked to the system. Each
Z-Wave device is also a repeater. This means that once it receives a signal it repeats it
for other Z-Wave devices to read. As you add devices the larger your network becomes
making distance less and less of an issue.
By comparisons with the other traditional end uses, there are relatively few EEM
for miscellaneous electrical loads. The most effective way of reducing these loads is by
improving the performance of the appliance through programs like Energy Star and
EPEAT, reducing stand-by power loss and changing occupant behavior.
Changing Occupant Behavior
The Parker et al., 2011 study points out that there are three ways in which MELs
can be reduced; individual component efficiency improvements, energy management
systems (automation) and occupant behavior changes. Individual component efficiency
is perhaps the most obvious and requires the various MELs to operate more efficiently
while providing the same level of services. The Energy Star program has been very
successful at encouraging manufacturers to provide consumers more energy efficient
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appliance options. Energy management systems or automations use occupant
sensors, timers and programmable switches to mimic the behavior of an energy
conscious householder. In the absence of an energy conscious householder, savings
can be seen. However, building automation systems will never be as efficient as a
householder actively and effectively managing their own energy consumption (Bonino et
al., 2012). Occupant sensors may turn the lights off after a few minutes of inactively but
an energy conscious householder will turn the light off immediately. Programmable
thermostats may save energy over a constant set point but will never operate as
efficiently as a person who can adaptively adjust conditioning demand in real time.
Forcing automation on an uninterested householder will not have significant energy
savings. To illustrate, the programmable function of programmable thermostats, whose
energy saving potential is well documented, are only used 58% of the time (Meyers et
al., 2010). It has been estimated that 39% of a home’s primary energy is effectively
wasted by poor energy management (Meyers et al., 2010). The key in reducing energy
consumption is by changing occupant behavior (Lee et al., 2011).
Perhaps the EEM with the greatest impact on householder behavior is the energy
dashboard. As stated earlier in this chapter, energy dashboards have a history of
reducing whole-home energy consumption by 5 – 15% (Bonino et al., 2012; Darby,
2006; Parker et al., 2011; Roth and Brodrick, 2008; Stein, 2004; Wiggins et al., 2009).
Having the information is important in making energy efficient decisions, however;
information is just one part of the process that will “motivate” householders to conserve
energy. P.C. Sterns stated that the energy use information must be credible, useful in
the householder’s particular situation, effective at getting the attention of the
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householder and enable energy reduction participation (Stern, 1999). “It is not simply
the informational content given, but the way in which the information motivates the
consumer into action that is important (Wood and Newborough, 2007).”
How to motivate people to willingly behave in a desired manor is a subject
discussed in more than a few management books, seminars and college courses. The
effectiveness of any method will be as diverse as the person on which it is implemented
on. However, several motivational techniques are particularly applicable to energy
savings. Monetary reward in the form of direct payment or differed energy cost is
perhaps the most obvious motivational technique. Another motivational factor is
emotional reward where a householder would feel good about making an
environmentally responsible decision (Wood and Newborough, 2007). Katzev et al.,
1983 found that emotional rewards do not significantly influence energy use patterns
however. People can be motivated to reduce energy consumption through competition
(Bonino et al., 2012). Utility providers often send out notices to their customers
comparing their consumption to their neighbors. Several studies have found that goal
setting is also an effective way of motivating the householder to energy reduction
targets (Bonino et al., 2012; Wood and Newborough, 2007). A person’s desire to
conform to social norms can also be a motivating factor. At the Florida Museum of
Natural History in Gainesville, Florida there is a kiosk with a digital map where the
average power consumption of all local homes are displayed. Energy intensive homes
are shown in red, while moderate homes are displayed in yellow with the lowest energy
consuming homes highlighted in green. Public displays such as this can be used to
praise more efficient homes and discourage less efficient ones.
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Chapter Summary
Historically, energy intensity as a function of Watts/sqft has steadily decreased in
all of the traditional end uses with the exception of miscellaneous electrical loads.
MELs stands alone as the only end use that has continued to increase. The expansion
of home entertainment, personal electronics, and convenience items are key
contributors to this increase in energy use. Although MELs represents between 15%
and 25% of a home’s total energy use, it remains one of the least researched and most
poorly modeled of the end uses. This chapter has provided a summary of the latest
work being done in this area. In addition it provided the current state of how MELs are
modeled and a review of past studies that will be used to improve these models.
Reducing MEL is a secondary purpose of this dissertation. This chapter has provided a
summary of how householders can currently reduce their MEL and lays the foundation
for the testing of the whole-house switch that will be elaborated on in more detail later in
this dissertation.
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Table 2-1. Building America goals for existing homes by climate type
Energy
Mixed/Hot-Dry and
Mixed-Humid and HotCold (Includes Cold,
Savings
Marine
Humid
Very Cold, and
Subarctic)
30%
2012
2013
2014
50%
2015
2016
2017
(US Department of Energy, 2011b)
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Table 2-2. “Other miscellaneous” category from Parker study MEL calculation
UEC
Saturation
Energy
End Use Name
(kWh/yr)
(Fraction)
(kWh/yr)
Dehumidifier
400.0
0.15
60.0
Electric Blankets
120.0
0.28
33.5
Portable Air Cleaner
500.0
0.05
24.2
Answering Machine
28.0
0.84
23.5
Ground Fault Interrupt
7.0
3.00
21.0
Humidifier
100.0
0.17
17.0
Electric Clock
17.5
0.94
16.4
Doorbell
17.5
0.65
11.5
Slow Cooker
16.0
0.56
9.0
Digital Picture frame
88.0
0.02
8.8
Waffle Iron/Sandwich Grill
25.0
0.31
7.8
Garage Door Opener
29.8
0.26
7.8
Hot Plate
30.0
0.23
6.9
Blender
7.3
0.77
5.6
Exhaust Fan
15.0
0.35
5.2
Auto Engine Heaters
250.0
0.02
4.7
Men's Shaver
12.7
0.36
4.6
Timer
18.4
0.23
4.3
Garbage Disposer
10.0
0.39
3.9
Grow Lights
800.0
0.00
3.7
Sump/Sewage Pump
40.0
0.09
3.7
Deep Fryer
20.0
0.15
2.9
Window Fan
20.0
0.14
2.9
Floor Fan
8.1
0.35
2.8
Bottled Water Dispenser
300.0
0.01
2.8
Heat Tape
100.0
0.03
2.8
Air Cleaner Electric (not mounted)
54.8
0.05
2.7
Hair Setter
10.4
0.26
2.7
Desk Fan
8.1
0.31
2.5
Power Strip
2.6
0.94
2.5
Heating Pads
3.4
0.66
2.2
Stand Fan
8.1
0.27
2.2
Can Opener
3.3
0.64
2.1
Home Medical Equipment
400.0
0.00
1.9
Hot Oil Corn Popper
2.5
0.10
1.8
Automatic Griddles
5.5
0.25
1.4
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Table 2-2. Continued
End Use Name
Hand Mixers
Electric grill
Women's Shaver
Air Corn Popper
Electric Kettle
Hand-Held Electric Vacuum
Instant Hot Water
Compactor
Curling Iron
Food Slicer
Stand Mixers
Electric Knife
Juicer
Total "Other Miscellaneous"

UEC
(kWh/yr)

Saturation
(Fraction)

Energy
(kWh/yr)

1.5
180.0
12.4
6.1
75.0
3.9
160.0
50.0
1.0
0.9
1.3
0.7
0.4

0.85
0.01
0.10
0.19
0.01
0.19
0.00
0.01
0.52
0.41
0.21
0.36
0.04

1.3
1.2
1.2
1.2
0.8
0.8
0.7
0.6
0.5
0.4
0.3
0.3
0.0
329

Table 2-3. Parker study television energy use table
Bedrooms
TV kWh/yr
Bedrooms
1
463
2
561
3
636
4
705
5
762
6
814
Source: Parker et al., 2011.
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TV kWh/yr
7
8
9
10
11
12

858
898
933
966
994
1020

Figure 2-1. Sample installation of Watts Up? Meter (Photo courtesy of Moorefield et al.,
2011)

Figure 2-2. Brand electronics’ one meter (Photo courtesy of Porter et al., 2006)
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Figure 2-3. Interior residential equipment profile (Hendron et al., 2004)

Figure 2-4. MELs normalized energy use profile (Hendron and Engebrecht, 2010)
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Figure 2-5. Equation 3 and table 303.4.1.7.1(1) from 2006 Mortgage Industry National
Home Energy Rating System Standards (RESNET, 2006)
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Figure 2-6. Residual miscellaneous electrical loads from Parker study (Parker et al.,
2011). (Clothes iron, vacuum cleaner, hair dryer, water bed, security system,
clock radio and other miscellaneous not addressed in 2009 RECS.)
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Figure 2-7. Ceiling fan diversity profile (Parker et al., 2011)
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Figure 2-8. Energy consumption by the miscellaneous electrical load from Roth study
(Roth et al., 2008b)
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Figure 2-9. Red Jacket Water Products 12G series pump sizing chart (Red Jacket,
2012)
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Figure 2-10. Distribution of RECS calculated MEL
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CHAPTER 3
METHODOLOGY
Overview
When evaluating a home’s energy consumption the energy usage is typically
categorized into heating, cooling, ventilation, lighting, domestic hot water, large
appliance loads, and miscellaneous electrical loads (MELs). MELs include hard-wired
components that are provided by the builder such as a garage door opener, alarm
system, and doorbell, as well as components that are selected by the occupants such
as a television, computer, and coffee maker.
MELs are traditionally estimated as a function of square foot (sqft) area of a
home with multipliers to adjust to specific criteria like location and number of occupants.
The hypothesis of this research is that calculating MELs as a function of physical as well
as the characteristics of the occupants is a more accurate way of modeling the energy
use. This chapter will describe in detail the methodology for testing this hypothesis.
Objective
The primary objective of this research was to create a model for forecasting MEL
energy use that is more accurate than current practices. The most widely accepted
residential energy rating system in the US is RESNET’s Home Energy Rating System
(HERS) index. The HERS index uses a simple square foot multiplier to model MELs.
This square foot multiplier is the most common practice used for modeling residential
MELs. This study improved the accuracy and precision of the HERS index model by
calculating energy use as a function of the characteristics of the occupants. A
secondary objective of this study was to develop an energy efficiency measure (EEM)
that reduces a home’s MELs.
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Residential Energy Consumption Survey
The principal data source used to create the new MEL model is the Residential
Energy Consumption Survey (RECS) (US EIA, 2011d). Since 1978, the US Energy
Information Administration has been publishing the RECS, which summarize thousands
of in-person interviews in combination with data collected from utility providers. The
survey asks the householder over 90 pages of questions and provides detailed
information about home construction characteristics, types of appliances in the home,
occupant usage patterns, and demographical data. The individual survey data is
aggregated together for high level summaries, but the raw data of 12,083 individual
survey results are available for custom statistical analysis. The RECS are conducted
every four years and this study used the most current survey, which collected its data in
2009.
Use of RECS to Calculate MELs
As mentioned previously the RECS were the primary means to calculate the
individual MEL for all 12,083 survey respondents. However, the RECS did not contain
all of the information required to make the calculation. Specifically, the actual energy
consumption for any individual appliance was not provided so the energy consumption
of the appliances that the survey asked about needed to be estimated. In addition, the
RECS did not survey all MEL appliances. A summary of how the RECS data was used
to calculate a MEL for all of the RECS respondents will be outlined below. For more
detailed information on the MEL calculation, please see Chapter 4.
Calculation for Appliances Addressed in the RECS
The RECS asks the survey respondent about appliances that make up, on
average, about two-thirds of a home’s MEL. For some of the appliances the only
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information that the RECS provides is whether the appliance was present in the home.
For appliances reported to be present, the unit energy consumption (UEC) from the
literature review was used to calculate the total load (Hendron and Engebrecht, 2010;
Roth et al., 2008a; Roth et al., 2008b). The UEC is the estimated total annual energy
used by the average person with a typical model appliance. It averages usage patterns
over a range of people and weighs the energy consumption of the different appliance
models based on their market penetration. Other appliances, such as television
peripherals, computers, monitors, microwaves, rechargeable electronics, and
rechargeable tools, have more detailed information collected by the RECS about the
appliance type and usage. When present, this information was used to calculate the
specific UEC for each individual survey respondent.
Addressing Days Away from the Home in MEL Calculation
When calculating the MEL, time away from the house traveling is an important
consideration. For appliances where published UEC data was used then average
vacation time was included in the UEC so no additional consideration was required.
However, for the appliances where the UEC was computed for each survey respondent,
time spent away from the home was considered. The RECS does not provide
information on number of days the householders were away so an assumption was
used. The US Department of Labor estimates that the average paid time off for full-time
workers ranges from 7 – 18 days (1996). In addition, the average full-time worker has
between 7 and 9 paid holidays. Although not intended for recreational use, paid sick
days, which range from 7 – 11 days, can be converted to paid time days off in many
companies. Paid days off do not necessarily mean that the members of a household
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are traveling of course. For this study, it is assumed that all householders are away
from the house for 14 days per year.
Calculation for Appliances Not Addressed in the RECS
The RECS did not ask the respondents about all the appliances in their home.
The appliances not asked about make up approximately one-third of the average
home’s total MEL. This portion of the total MEL was accounted for by employing the
method used by RESNET’s Home Energy Rating System (HERS) index and the
Department of Energy’s Building America Program (RESNET, 2006; Hendron and
Engebrecht, 2010). A list of the most common appliances not included in the RECS
was created. The UEC of each of these appliances as found in a literature review
(KEMA, 2010; Roth et al., 2008b; Sanchez et al., 1998) was then multiplied by its
market saturation to estimate the typical energy load of the appliance as a national
average. Market saturation is defined as the average number of appliances per home
(total appliance / all homes).
Creation of Model through Stepwise Regression
Once the individual MEL was calculated for each of the survey respondents a
regression analysis could be performed. The study used “stepwise regression” to
generate the “best fit” model. A stepwise regression systematically adds and removes
independent variables (occupant characteristics) to determine which ones best explain
the dependent variable (MEL in kWh). The regression study created a series of models
each with increasingly large numbers of independent variables. The first model would
only use one independent variable and have the lowest explanatory power (R2). The
last model would use all (or most) of the independent variables to explain the dependent
variable and have the highest explanatory power. However, the explanatory power did
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not increase linearly with the addition of more independent variables. Each additional
independent variable would have a diminishing explanatory value than the previous
independent variable. Ultimately, using the researcher’s judgment, the final model was
selected that was a balance between high explanatory power and simplicity to use in
application.
Statistical Software Package SPSS
The stepwise regression analysis for this study was done using the statistical
software package “IBM SPSS Statistics” version 20 (SPSS). SPSS was originally
packaged as Statistics Package for the Social Sciences in 1968 by Norman H. Nie, Dale
H. Bent and C. Hadlai Hull. SPSS is one of the widest used software packages
available and is currently used with survey companies, government agencies, social
research groups, marketing companies and many other organizations. The software’s
base applications include descriptive statistics, bivariate statistics, linear regression and
factor analysis although additional add-ins are available to increases its capabilities.
SPSS uses a two dimensional table format where rows contain cases (in this study
there are 12,083 individual cases for each household) and the columns indicate the
measurement (in this study the measurements are occupant characteristics like age,
income and MEL). In 2009 the company and all rights to SPSS were purchased by
IBM. SPSS is the software package that is currently used at the University of Florida
statistics department and is taught to both the undergrad and master’s level students.
The University has an agreement with SPSS making the yearly license available to
students at a substantially reduced rate (Argyrous, 2011).
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Non-linear Independent Variables
It should be noted that the stepwise regression is a linear regression process.
This means that the dependent variable (MEL in kWh) is explained with linear
independent variables (occupant characteristics). An example of a linear independent
variable is the income of a householder. Averaged out over a large sample size, the
higher the income the householders have the more energy they use. However, not all
of the independent variables are linear. For example, age, number of household
members, and number of children are non-linear. With age, energy use continues to
increase until householders are in their retirement years in which energy consumption
starts to decline. To account for non-linear independent variables a “squared variable”
was added to the list of independent variables that could be used in the stepwise
regression. The original non-linear variable was not removed but could be tempered by
the squared variable.
Validation of Model Overview
Once a MEL model was created, it was (partially) validated with 24 real-world
test homes. It is important to note that 24 test homes are not sufficient to statistically
validate the model but does provide an overall sense of its accuracy. The sample size
of 24 was chosen because it fits in with the study’s available funding and time
restrictions. The validation involved installing data loggers into the 24 homes for a
period of two weeks and recording the energy consumption of the plug-loads. This
information was supplemented by a householder survey, researcher’s walk-through of
the home, and literature review. The information was compiled and extrapolated to
determine the estimated yearly MEL. The yearly MEL of the 24 homes was used to
validate and calibrate the new model.
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Validation of the Model – Survey
The first step in the validation process was the creation of a survey. The survey
was used to select homes that were good candidates for the study and to assist with the
MEL data collection. Because of the limited resources of the study, the survey was
initially sent to personal acquaintances of the researchers who were then asked to
forward it to 10 additional people. The personal acquaintances were initially targeted
because they had diverse characteristics that were used in the new MEL model. When
asked to forward the survey, the survey respondents were requested to forward it to
homes with less common characteristics but ones that were used in the new model.
For example, lower income households (less than 40K) living in single family homes
represent 16% of the population but were good homes to test the model. This method
resulted in 35 homes filling out the survey. The two primary reasons that homes were
not selected to participate was because either sufficient number of homes with similar
conditions had already been selected or the home had unusual living conditions such as
college student or renting a single room in a house. The characteristics included in the
model (which will be elaborated on in more detail later) were home size, income,
number of household members and if a home business was present. The survey was
able to collect information on homes with a wide range of these characteristics. Homes
sizes ranged from 1,040sqft to 3,697sqft of conditioned space. Income was another
important characteristic and ranged from 12 thousand to 144 thousand dollars of annual
income. Homes observed had from one to seven household members living year round
in the home. Three households with home businesses were surveyed.
The survey was structured so that it described the goals of the study in detail and
asked householders about the appliances they owned, the characteristics of their family,
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and other energy influencing factors. The survey can be found in Appendix A. The
survey had two primary objectives. First, it was a means of calculating energy
consumption for appliances and hardwired loads that could not be monitored in the
study. For example, some plug-loads were located in wet locations and would damage
the logger if monitored. Other loads such as door bells and security systems were
hardwired and unable to monitor their energy use. Additionally, some loads are
seasonal, such as electric blankets, and cannot be accurately extrapolated with a twoweek monitoring period. The survey helped identify these loads, which with the aid of
typical energy consumption data from past studies would allow this study to estimate
the energy use. The second objective of the survey was to identify which homes were
best fitted for this study and would be good candidates to be monitored. The stepwise
regression analysis identified the most energy influencing factors (income, number of
household members, size of home and presence of home business). The survey asked
householders about those factors and was used to target homes with a good range of
responses of those factors. Those factors would also be used to input into the new
model to validate the results. The survey was checked for accuracy in three ways.
First, the survey answers were reviewed with the homeowners of homes selected to be
monitored in person to make sure they fully understood the questions. When possible,
other members of the household who did not complete the survey were asked to
participate in the verification. It was found that other members may have knowledge
about appliances that were in the home and have a better feel for their use than the
person filling out the survey. A second means of verifying the survey was with the
researcher’s walk-through. During the walk-through if answers to the survey questions
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were not consistent with what was observed in the house then the survey was adjusted.
An example is appliances that were not indicated in the survey but were observed
during the walk-through. The third verification procedure was that the size of the home
was verified through the local tax appraiser’s office. The size of the home is critical
information as it is used in the new model and is the only characteristic considered in
the HERS MEL model.
Validation of the Model – Data Loggers
The purpose of this study was to develop a new method of modeling residual
MELs and like any new model the results needed to be validated. The details for how
the model was validated will be discussed in detail in Chapter 4 but a critical piece of
the process was to monitor the actual MELs in real-world homes. The device selected
needed to be able to record electrical consumption data for multi-week periods of time,
have a high degree of accuracy, be cost effective for the study and preferably have
been used in previous similar studies without technical challenges with the hardware.
Several devices were investigates such as the TED 500-C, ONSET Data Loggers,
Current Cost EnviR and Dent Instruments PowerScout 3+ but none of these system
meet with all of the studies requirements. Ultimately the “Watts Up? Pro ES” was
selected for the study. See Figure 3-1.
The “Watts Up? Pro ES” was selected because it has the ability to record a
variety of energy consumption data at user adjusted intervals that range from 1 second
to 1 week and has a large data storage capacity (120,000 records). The type of
information that can be collected is Wattage, Volts, Amps, Power Factor, Duty Cycle
and Frequency. The information is collected in the device and then downloaded to a
computer via a USB plug. It is UL rated for 120v/15 amp and the accuracy is within
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1.5%. The data is date stamped and transferable to an excel file for easy evaluation.
The memory is non-volatile so the information is not lost in the event of power outages.
This device has a reliable track record and was the data logger used in the Moorefield
study. The estimated cost of each device is approximately $200 without any bulk or
educational discounts. The study would like to thank Jamie Bullivant and his staff at
ThinkTank Energy Products Inc. for providing the data loggers at a substantially
reduced cost.
Validation of the Model – Monitoring of the Test Homes
Based on the responses from the survey, 24 homes were selected as good
candidates for monitoring. These households were contacted to set up a convenient
time to install the data loggers. The householder was told to budget at least an hour as
several other key steps of the study were performed during the initial visit. The first step
of the visit was the verification of the survey. The survey was reviewed with the
householder to verify that they fully understood the questions, and then it was revised if
needed. Another component was what this study is calling the “researcher’s
walkthrough.” The researchers observed every room of the house and recorded all of
the plug and hardwired loads. Again, the survey responses were adjusted if what was
indicated in the survey deviated from what was observed during the walkthrough. All
plug-loads that had a static draw, such as clocks, had their energy use measured
instantly using a “Kill-A-Watt P3” meter. The wattage was then extrapolated for the
entire year. Plug-loads with varying energy use, such as microwaves and computers,
were plugged into a data logger and monitored for two weeks. Yearly energy
consumption was extrapolated from the two-week period. The householders were
asked about their vacation and travel habits so that the time they are away from the
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house was included in the annual energy use calculation. All plug-loads were
monitored provided they did not unreasonably inconvenience the householder or were
expressly asked not to be logged (due to temporary power interruption). The
householder was instructed not to unplug the data logger, adjust the settings, or
add/remove appliances to it. After the two-week monitoring period the data loggers
were collected. The householder was asked about factors that could affect the results
such as power outages, tampering of the data loggers, unexpected trips, or any other
unusual occurrences. Once the data was analyzed the energy consumption and
energy cost were emailed to the householder.
Validation of the Model – Compiling of Information Collected from Test Homes
Test home monitoring templates were created to record the collected data. For
MELs that could not be monitored, a common library of unit energy consumption (UEC)
values from literature review was used. All test homes and the new model used the
same UEC values. The information from the data loggers was downloaded from the
device into a spreadsheet. Snapshots of the energy use was collected every 30
seconds so that the average energy use was averaged over the two-week period and
then extrapolated for a full year. The information from the data loggers were analyzed
by the researcher to see if any of the values were beyond what was expected as a
means to check for corruption in the data. When corruption of the data occurred, the
appliances were either logged again when possible or replaced with UEC data from
literature review.
Validation of the Model – Comparing Actual MEL with New Model Prediction
The final step in the validation process is to compare the actual MEL of the 24
test houses with what the new model predicted. The occupant characteristics of the 24
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householders were entered into the new model to calculate the predicted energy use.
Actual energy use was reviewed to see if they are consistently higher or lower than
what was predicted by the model. A pattern was observed and the model was
calibrated accordingly. ASHRAE Guidelines 14 (2002) limits the range of calibrating a
new model with actual observations to +/-15%.This limit was imposed on this research
as well (Srinivasan et al., 2011c).

One of the independent variables that was used to model MELs is householder
income. Income is a sensitive subject that the potential test householders may have
been uncomfortable answering. To overcome this challenge a regression formula using
the RECS data was created to estimate income. Independent variables such as
education, age, size of home, and several other variables were used to estimate the
actual income. The survey that the householders were asked to complete did ask about
income but had larger ranges to limit the invasiveness of the questions. The survey
asked the respondents to classify their income from 0 – 40K, 40 – 80K, 80K – 120K,
and 120K or more. Their response was included in the regression equation.
Validation of the Model – Defining Success
For this study, success was defined using three characteristics of the model.
The first measure of success was that the new model predicted the MEL of the test
houses better than current practices (HERS index MEL model). There were 24 test
houses so the new model needed to predict the actual MEL better than the HERS index
for 13 or more times. The second measure that was used to determine the success of
the new model was if 5% or less of the test home’s actual MEL values were outside the
margin of error of the new model’s predicted MEL values given a 95% confidence level.
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The third and perhaps most important measure of success was how closely the new
model predicted individual homes’ MEL and not how well it predicted the average MEL
for all homes. In other words, how “tight” the individual observations are from the
predicted value. The measure of this “tightness” is the standard deviation. The MEL
was predicted using the new model and the HERS index model for each of the 12,083
RECS respondents. The standard deviation of the new model was significantly smaller
than the HERS index. If the new model met these three conditions, it was considered
an improvement to the current model and deemed a “success.”
Chapter Summary
This study provided a detailed methodology for how this research was
conducted. This study used the large sample size of the RECS to calculate a MEL
value of over 12 thousand households. A stepwise regression analysis was then
performed to create a new MEL model that is based on occupant characteristics as
opposed to just the building characteristics as has been done in the past. The MEL of
24 test homes was determined by monitoring them for a two-week period. The new
model was then compared and calibrated with the actual MEL of the test homes.
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Figure 3-1. Watts Up? Pro data logging device (Photo courtesy of ThinkTank Energy
Products, Inc.)
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CHAPTER 4
CALCULATION OF THE MELS FROM THE 2009 RECS
Calculation
The current practice to estimate a home’s MEL is to use only its physical
characteristics such as size and number of bedrooms. The hypothesis of this research
is that the addition of occupant characteristics will improve the prediction of a home’s
MEL. A principal means to test this hypothesis was using the information provided in
the Energy Information Agency’s (EIA) 2009 Residential Energy Consumption Survey
(RECS). The EIA provides a 12,083 survey micro-sampling of the data to perform
custom analysis. Table 4-1 provides a sample of the data provided in the RECS. Of
the 12,083 units included with the RECS, 8,700 were single family homes, 2,800 were
apartments and 500 were mobile homes. Based on the data provided in the RECS, the
MEL for each of the survey respondents was calculated. The RECS did not ask the
householders about every MEL appliances but does include information on
approximately two thirds of the total residual load. The remaining third of MELs was
included in the calculation using the same methodology as the Building America
Program and the HERS index. This chapter provides a detailed description of how the
MEL of each of the households was calculated. The inferences made with this
information will be addressed in Chapter 5.
Residual MEL Defined
What is generally considered a “miscellaneous” electrical load is an energy use
that does not fall into the major end use categories of heating, cooling, water heating
and lighting. Some organizations have created additional groupings such as major
appliances, pools and televisions. As the HERS index is the predominate energy rating
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system for residential housing and considered the baseline for this study, its definition of
“residual MEL” will be used. The HERS index residual MEL includes most 120V plug
loads, hard wired loads and hot tubs. There are exceptions to this general definition.
For example, portable fans, air purifiers/cleaners, humidifiers and dehumidifiers are
related to climate control but are included in the residual MEL category. Portable space
heaters, HVAC thermostats, air handler stand-by power and ceiling fans are also related
to climate control but are not included in the HERS index’s residual MEL. Well pumps
are associated with water heaters but are included with the HERS definition. Hardwired
loads such as GFCI receptacles, intercom systems, and security systems are all
included as a residual MEL. Major appliances such as ranges, clothes washers, clothes
dryers, primary refrigerator and secondary refrigerator/freezers are excluded from the
HERS definition. The HERS index breaks from most organizations in its categorization
of televisions. The HERS includes television peripherals such as DVD players and
cable boxes in its definition but considers televisions a major appliance that is address
separately.
Developing of the MEL Calculation
To calculate energy consumption a unit energy consumption (UEC) value needs
to be determined. The UEC is the estimated total annual energy used by the average
person with a typical model appliance. It averages usage patterns over a range of
people and weighs the energy consumption of the different appliance models based on
their market saturation. For this study, the Roth study (Roth et al., 2008b) was the
primary source of UEC data. This is the same source used by the HERS index and
many of the appliances in the Building America analysis spreadsheets (Hendron and
Engebrecht, 2009). Table 4-2 has a list of the UEC used in the calculation and will be
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elaborated further in this chapter. Market saturation is also an important factor. The
HERS index uses the market saturation data provided by the Roth study which gathered
its information largely from the 2001 RECS. The MEL calculation described in this
chapter uses the more current 2009 RECS data to derive its market saturation.
Resident usage data, such as number of hours per day a computer is used, is included
in the calculation if provided in the RECS data.
Kitchen Appliances – Microwaves
The first major grouping of appliances within the RECS is small kitchen
appliances, which include microwaves, toasters, and coffee makers. Energy use for
most appliances was calculated by multiplying the assumed energy intensity of the
appliance by mode, by length of time in each mode, and by the market saturation of the
appliance. Based on the Roth study (Roth et al., 2008b), the assumed energy intensity
of a typical microwave was 1,500W in active mode and 3W in stand-by mode. The
survey broke down how often the resident uses the microwave to cook meals and
snacks into five categories: 1) Most, 2) About Half, 3) A Few, 4) Rarely, and 5) Never.
Unfortunately, the survey did not qualify a precise length of time to correspond to these
five categories. Roth et al. (2008b) stated, “Usage data for microwave ovens [is]
limited” however the most common duration is 12 minutes per day (pp. 4-37). The
average duration indicated in the RECS was “About Half” of meals, so 12 minutes were
used for this category. The remaining categories were extrapolated from this value.
Specifically, for this calculation an assumption that “Most” meals equated to 18 minutes
per day, “About Half” equated to 12 minutes per day, “A Few” equated to 2 minutes per
day, “Rarely” equated to 30 seconds per day, and “Never” equated to not being used at
all. The market saturation for microwaves is 96% for all households included in the
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RECS. Using the calculation described above, the average home uses 100kWh per
year as compared with the HERS index estimate of 126kWh per year.
Kitchen Appliances – Coffee Maker
The second kitchen appliance included with the RECS is the coffee maker. The
energy consumption from coffee makers was calculated by multiplying the energy draw
from the various modes (Active, Warming, Idle) by the duration in each mode and then
multiplying it by the market saturation. Using data from the Roth Study (2008b), homes
with a coffee maker have it in the active mode (the mode actually brewing coffee) for 6.3
minutes per day, warming mode for 38 minutes per day, and in the idle mode the other
97% of the day. Although there are various types of coffee makers, over 90% of the
types used are the automatic drip style. This type of coffee maker on average uses
1,100W in active mode, 70W in warming mode, and .4W in idle mode (Roth et al.,
2008b). The idle mode is primarily used to power a clock or timer. The market
saturation of coffee makers surveyed in the RECS is 63%. Using the calculation
described above, the average coffee maker uses 59kWh. When market saturation is
considered, the average energy use per household is 37kWh/year, which is consistent
with the HERS index.
Kitchen Appliances – Toaster
The third small kitchen appliance included with the RECS is the toaster. This
was a more difficult appliance to calculate as the RECS combined toasters and toaster
ovens into the same category. The toaster and toaster oven do have similar usage
patterns and energy draws, but they have significant differences that need to be
addressed. The calculation used the market saturation of each appliance to weigh the
specific characteristics together. There are 104 million toasters nationwide with an
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average power draw of 1,050W. The toaster is used for approximately 6 minutes a day
(Roth et al., 2008b). The Roth Study also indicates that there are 64 million toaster
ovens with an average power draw of 1,300W (Roth et al., 2008b). These appliances
are used for approximately 4 minutes a day. These durations seem anecdotally high,
but with the lack of alternative consumption data they were used in the calculation.
Using a weighted average approach for the two appliances, the toaster assumed in the
calculation had a power draw of 1,145W and was used 4.9 minutes/day (Table 4-3).
The average toaster appliance using this calculation has an annual energy consumption
of 13kWh, where the HERS index used 35kWh.
Home Entertainment – Television Peripheral Devices
Although televisions are not considered a residual MEL in the HERS index, there
are a number of peripheral devices that contribute to the home’s MEL use. Compared
with televisions, the overall diversity of these appliances is high and the market
saturation is low. To calculate the energy use, the estimated UEC of each appliance
was multiplied by the market saturation. The specific peripheral appliances included are
cable boxes, DVRs (built into cable box and standalone unit), digital converter boxes,
VCRs, DVDs, VCR/DVD combination units, and home theater units. For these
appliances the UEC was provided from the Roth Study. Video game consoles such as
Xbox systems, Nintendo GameCubes, and Playstations were also included with the
calculation, but their UEC was provided from the Roth and McKenney study (2007).
Of all of the TV peripheral devices, the set top box (STB) uses by far the most
amount of energy. STB includes satellite receivers, cable receivers, and personal video
recorders (PVR). However, there are some significant differences between the energy
use in each of these types of units. The RECS provided survey data on standalone
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satellite and cable boxes, satellite and cable boxes with integrated PVRs, and
standalone PVRs. Using the Roth Study data, active and standby power draw for each
of these groups was calculated using a weighted average approach. Table 4-4
demonstrates the active and stand-by draws used in the calculation. With the exception
of VCRs, all television peripherals calculated with the RECS data increased from the
estimates used in the HERS model. For example, average DVD energy consumption
increased from 27kWh/year to 46kWh/year. Home theater systems increased from
15kWh/year to 22kWh/year. The most significant increase in energy consumption was
from set top boxes which increased from 92kWh/year to 226kWh/year. This trend
seems reasonable as the RECS data is more current and appears to reflect the
increased proliferation of home entertainment equipment.
Home Computing
Similar to home entertainment, home computing is another area of high energy
use and where the RECS provided detailed information. The RECS asked the survey
respondents about the type of computer they use, length per day they use it, monitor
type, and about the peripheral equipment of the three most used computers in the
home. The RECS questioned the survey respondents on the estimated duration they
used their computer per day. The survey questionnaire asked the respondents to
choose if they used their computer: 1) never, 2) less than 1 hour/day, 3) between 1 and
3 hours/day, 4) 3 and 6 hours/day, 5) 6 and 10 hours/day, or 6) more than 10 hours/day.
For the calculations a fixed value needed to be used instead of ranges, so the actual
value used for the choices were: 1) = 0, 2) = 1 hr, 3) = 2 hrs, 4) = 4.5 hrs, 5) = 8hrs, and
6) = 12 hrs. The energy calculation was performed by taking the energy performance of
the type of computer (desktop or laptop) and multiplying it by the length per day it was
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used. This calculation was done for the three most used computers. The RECS also
asks the survey respondents if they own more than three computers. Where this is the
case, a laptop computer with the UEC as provided in the Roth study, was assumed for
each computer over three. The type of computer has a significant impact on home
computer energy use. A desktop (excluding monitor) uses over three times the energy
as a laptop computer (Roth et al., 2008b). Monitors are also a significant source of
energy use. Monitors are used with desktop computers and also with laptops equipped
with docking stations. The RECS question the survey respondents about the number
and type of monitors they used, and their energy use is included with the calculation.
Flat screen monitors were estimated to use 31W per hour and the older CRT monitors
were assumed to use 61W per hour (Roth et al., 2008b). Length of time in use was
assumed to be the same as the computer.
There are a number of peripheral appliances associated with home computing.
The appliances specifically addressed with the RECS are high speed internet modems,
wireless routers, printers, faxes, and copiers. For each of these devices the UEC, as
provided by the Roth study, was multiplied by the market saturation to account for their
energy use in the MEL calculation. Estimated home computing energy use has
decreased from 261kWh/year using the HERS data to 195kWh/year with the RECS
data. The RECS data is more current than the information used in the HERS model
and seems to track the trends of more efficient home computer equipment. Increased
proliferation of laptops over desk tops, flat screen monitors over CRT monitors and
more energy efficient printers contribute to this reduced energy use. Energy used for
modems and wireless routers (not included with HERS data) have nearly tripled.
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Rechargeable Portable Appliances and Electronic Devices
Rechargeable consumer products are a category that has experienced significant
growth. The RECS breaks this category into two groupings. The first grouping is called
“Rechargeable Portable Appliances” and includes devices such as handheld vacuum
cleaners, flashlights, and power drills. The second grouping is called “Rechargeable
Electronic Devices” and includes devices such as cell phones, portable music players,
digital cameras, and electric shavers. The RECS asked the respondents how many
devices they owned and also about how the device is charged. The energy
consumption is dramatically affected by if the appliance is continually plugged in, if the
charger is plugged in when not being charged, or if the charger is removed when not
actively being charged after use. Similar to other questions in the survey, ranges were
provided to the respondent to choose from so reasonable extrapolations needed to be
made. When asking the survey respondent how many devices they owned, they were
given these choices: 1) 1 – 3, 2) 4 – 8, 3) more than 8, or 4) none. To quantify these
ranges, if the recipient answered 1 then 2 devices were assumed, 4 then 6 devices
were assumed, or 3 then 10 devices were assumed. To determine the energy draw
based on the charging habits of the occupants the Roth study data was used. Tables 45 and 4-6 demonstrate the list of representative devices used to create the average
energy use of both categories of rechargeable consumer products by charging habit.
Data was not available for length of time devices were charging for respondents who
only plugged in the device when actively being charged. For those households it was
assumed that each device was actively charged for 1 hour per day.
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Well Water Pump
The Roth study provides UEC information for well water pumps, which is based
on a study conducted by Author D. Little, Inc. (ADL) commissioned by the US DOE
(Zogg and Alberino, 1998). The ADL study assumed that a residence would require 10
gpm flow rate at a pressure between 30 and 50 psi. No information is provided on the
assumed well depth or pipe size. The pump was assumed to have an average energy
consumption of 725W and used 115hr/year (19 minutes/day). The wattage and time-on
information are “engineering estimates” and “far lower than other estimates would
suggest (Zogg and Alberino, 1998).” As discussed in Chapter 2 the assumed pump
size was not provided in the ADL study, but based on the 10 gpm flow and the 725
wattage the pump would be approximately a ½ horse power pump (Xylem, 2012). This
size pump would be undersized for most homes, and the energy consumption was
revised in the MEL calculation.
The ADL study does not indicate the well depth assumed; however, The Water
Systems Council indicates that most wells are between 100 and 500 feet in depth
(2003). The well pipe size is also not provided for a 10gpm system (indicated in the
ADL study), but a 1-1/2” pipe inlet is commonly used (Midwest Plan Service, 1979).
Assuming a well depth of 300’, the same average service pressure of 40psi (service
pressure = 92.4’), 10’ of vertical lift, and the friction loss from the 4” pvc well pipe (2.5’),
the total dynamic head pressure of a common well system is 404.9’. Using the Red
Jacket “12G” submersible Pump series the best size well pump would be a 1-1/2 horse
power (Red Jacket, 2012). Common 1-1/2 horse power residential deep submersible
pumps have an average energy draw of 1,500W (Xylem, 2012). Assuming the same
run time from the ADL study of 115hr/year, the UEC for a more appropriately sized
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pump is 172.5kWh/year. As discussed in Chapter 2 the Parker study sites the Roth
study (Roth et al., 2008b) as the source of the well pump UEC data but uses 862kWh
instead of the 83.4kWh actually published. It is believed that the UEC published in the
Parker study actually came from the California Residential Appliance Saturation Study
(RASS – Volume 2), which also estimates the UEC for single family houses to be
862kWh (KEMA, 2010). The RASS study does not provide the methodology for how
the UEC was calculated but quantitatively seems very high for a national average. This
research will replace the HERS UEC of 862kWh with 172.5kWh in its MEL calculation.
“Other” Appliances Included with Calculation
The RECS also provide market saturation data for several other electrical
devices that are not associated with any appliance category. Specifically these
appliances are engine block warmers, large aquariums, cordless phones, answering
machines, and spas. These appliances were included with the calculation by
multiplying the market saturation as provided by the RECS by the UEC as found in the
Roth study. The energy use calculated with this study for engine block warmers did not
change significantly from the HERS data. Cordless phones were not included in the
HERS calculation but were only 3kWh/year with the RECS data. Large aquarium
energy use estimates decreased from the HERS data of 27kWh/year to 8kWh/year.
The most dramatic increase in the “other” category was the energy use for spas.
Average spa energy use increased from 61kWh/year to 117kWh/year. This increases
was due solely to market saturation as the UEC for both models was the same.
“Other Miscellaneous” Appliances not Included with the RECS
The HERS index calculates MELS by taking a list of the most common
appliances and multiplying their UEC by the market saturation. Table 4-7 demonstrates
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a complete list of the appliances included. The total energy consumption of
1,714kWh/year is then divided by a “typical” house size of 1,900 square feet to generate
their MEL multiplier of .91kWh/year/sqft. Within the HERS list is a category titled
“Other Miscellaneous.” The HERS derived this category by listing 49 appliances such
as electric blankets, air purifiers, and door bells and by multiplying their UEC by the
market saturation. The UEC and market saturation data was collected from a wide
range of publications (Floyd and Webber, 1998; KEMA, 2010; Sanchez et al., 1998; US
EIA, 2001e). This research expanded this list by adding 17 appliances not included with
the original HERS list such as water beds, irons and, hairdryers. The UEC and market
saturation were compiled from other MEL studies (Hendron and Engebrecht, 2010;
KEMA, 2010; McMahon and Nordman, 2004; Porter et al., 2006; Roth et al., 2008b; US
DOE, 2011c). Irons, water bed heaters, and hair dryers were three appliances with the
highest average energy use that were added. Table 4-8 demonstrates a list of all
appliances included in the “Other Miscellaneous” category. In the energy calculation, all
RECS respondents were assumed to use 455.2kWh of “Other Miscellaneous” MEL
appliances. Appliances tagged as “HERS” were on the original HERS index list and
appliances tagged as “NEW” were additional appliances this study added.
Chapter Summary
In this chapter it was discussed how the information provided in the RECS was
used to calculate a MEL value for over 12 thousand households. UEC values in
combination with market saturation and usage patterns for the individual households
were used in the calculation. This chapter showed how the energy consumption of 60+
individual product types were calculated and used in the MEL calculation. Most of the
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UEC values came from the Roth study; however, these values were checked for
reasonableness and adjusted if needed such as with the well pump.
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Table 4-1. Information available from RECS
Occupant Characteristic
Appliance
Location
Microwave
Urban or Ural
Toaster
Number of Bedrooms
Coffee Maker
Education
TV peripherals (VCR, DVD, Cable Cox, DVR)
Household Members
Home Theater
Household Age
Computer, Monitor and Printer for 3 most used Computers
If Home During Day
Cable Internet Modem and Wireless Router
Retirement Status
Fax Machine
Household Income
Copy Machine
Age of Home
Well Water Pump
Engine Block Heater
Aquariums
Stereo Equipment
Cordless phone and Answering Machine
Spa
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Table 4-2. UEC used in MEL calculation
Appliance
UEC (kWh/year)
Microwave
Most Meals (18min/day)
190
Half Meals (12min/day)
135
A Few Meals (2min/day
44
Rarely (30sec/day)
31
Toaster
36
Coffee Maker
59
Set Top Box
124
Set Top Box w/ DVR
Calculated (33 - 74)
Stand Alone DVR
237
Digital Converter Box
Video Game System
VCR/DVD Player
VCR Player
DVD Player
Home Theater System
"Other" peripheral TV
3 Most Used Computers
Secondary Computer (4+)
Monitory
DSL/Fiber Optic Internet
Cable Internet Access
Satellite Internet Access
Wireless Router
Printers
Fax
Copier
Well Pump
Auto Block Warmer
Heated Aquarium
Stereo Equipment
Cordless Telephone
Answering Machine
Recharge Portable
Appliances
Recharge Electronic Devices
Humidifier
Spa

Information Source

Calculated (6 - 20)
41
50
47
30
89
Calculated (46 - 66)
Calculated ( 9 - 329)
72
Calculated (11 - 267)
53
53
53
53
27
70
340
173
250
210
122
27
34

Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Based on SIIG
Converter CE-CV0111-S
Roth et al., 2008a
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Hendron & Engebrecht, 2010
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b

Calculated (12 - 420)
Calculated ( 3 - 169)
100
2040

Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
Roth et al., 2008b
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Table 4-3. Toaster oven UEC values
Market
Saturation
(millions)
Toaster
104
Toaster Oven
64
Weighted Average

Energy
Draw
(W)
1,050
1,300
1,145

Duration of
Use
(min/day)

UEC
(kWh/year)

6
4
4.9

38.2
31.6
36.4

Table 4-4. Weighted average of energy use by mode for set top boxes.

Stand Alone STB
Analog Set Top Box
Digital Set Top Box
HD Set Top Box
Weighted Ave STB
STB with Integrated
PVR/DVR
Personal Video
Recorder
Set Top Box
HD DVR Set Top Box
Weighted Ave
STB with PVR/DVR

Cable
Satellite
Installed Active Off Installed Active Off
(millions) (W) (W) (millions) (W) (W)
28
16 16
n/a
n/a n/a
42
14 14
61
13 13
1
22 21
1.4
21 18

4
1

26
29

21
24
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6
1.4

25
42

25
40

Weighted
Ave of Cable
and Satellite
Active Off
(W)
(W)
3.4
3.4
10.4 10.4
0.4
0.3
14.1 14.1

20.5
7.1

12.7
4.7

27.6

17.4

Table 4-5. Weighted average rechargeable portable appliance energy use
Rechargeable
Installed
No Load
Charge
Portable Appliances
(millions)
(W)
Maintenance
Cordless Phone
122
2.3
3.1
Cordless Phone w/ TAD
57
2.8
3.8
Cell Phone
200
0.3
0.52
Camcorder
64
0.37
0.39
Digital Camera
3.7
0.4
0.4
PDA
21
0.58
0.61
Rechargeable Toy
0.2
1
4.9
MP3 Player
23
0.26
0.62
Rechargeable Toothbrush
9
1.7
1.6
Shaver
28
0.3
0.68
Trimmer / Clipper
7.7
0.3
0.68
Weighted Average
1.1
1.5

Actively
Charging
4
4.4
2.6
9.6
3
0.47
6
3.7
1.7
2.3
2.3
3.9

Table 4-6. Weighted average rechargeable electronic devices energy use
Rechargeable
Installed
No Load
Charge
Electronic Devices
(millions)
(W)
Maintenance
Cordless Power Tools
51
0.9
3.6
Standalone Batter Charger
8.6
1.1
3.1
Cordless vacuum
21
0.8
3.7
Rechargeable Lawnmower
0.005
10
6.5
Weighted Average
1.2
4.8

Actively
Charging
15.9
11.8
4.7
40
16.7
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Table 4-7. Appliance energy consumption in HERS Index as compared with RECSbased model.
RECS
Calculated
HERS MEL
MEL
Difference Difference
End Use
(kWh/year)
(kWh/year)
(kWh)
(%)
Desk top & Notebook
Computer
168
140
-28
-17%
Well Pump
147
20
-127
-86%
Microwave
126
99
-27
-21%
Recharg Electronics
69
57
-12
-18%
Spa
61
117
56
92%
Set-top Box
92
226
134
146%
Computer Monitor
54
35
-19
-36%
Component Stereo
49
53
4
7%
Clothes Iron*
49
49
0
0%
Vacuum Cleaner*
41
41
0
0%
Printer/MFD
39
20
-19
-49%
Coffee Maker
37
37
0
1%
VCR Player
37
15
-22
-60%
Hair Dryer*
36
36
0
0%
Toaster/Toaster Oven
35
13
-22
-61%
Water Bed*
33
33
0
0%
Component Audio*
32
32
0
0%
Aquarium
27
8
-19
-70%
DVD Player
27
46
19
72%
Cable/DSL Modem
21
35
14
67%
Home Theater in a Box
15
22
7
44%
Security System*
15
15
0
0%
Clock Radio*
14
14
0
0%
Portable Audio*
5
5
0
0%
Other Miscellaneous
329
455
126
68%
10% Estimate for
Peripheral Electronics
156
59
-97
-62%
Wireless Router
not included
25
n/a
n/a
Fax
not included
6
n/a
n/a
Copier
not included
29
n/a
n/a
Auto Block Warmer
In "Other Misc"
3
n/a
n/a
Cordless Phone
not included
17
n/a
n/a
Answering Machine
In "Other Misc"
16
n/a
n/a
Humidifier
In "Other Misc"
15
n/a
n/a
Total
1,714
1,795
81
4.7%
* RECS data not available so HERS data used

113

Table 4-8. Appliance included in “Other Miscellaneous” category
Original
UEC
Market
Energy
Appliance
Inclusion (kWh) Saturation (kWh)
Source of Information
Sanchez et al., 1998;
Saturation from 2001
Dehumidifier
HERS
400
0.15
60.0 RECS
Electric Blankets
HERS
120
0.28
33.5 Sanchez et al., 1998
Portable Air
Cleaner
(Attached Fixture)
HERS
500
0.05
24.2 Sanchez et al., 1998
Ground Fault
Interrupt
HERS
7
3.00
21.0 Floyd & Webber, 1998
Sanchez et al., 1998;
UEC from Roth et al.,
Electric Clock
HERS
15
0.94
14.0 2008b
Doorbell
HERS
18
0.65
11.5 Sanchez et al., 1998
Slow Cooker
HERS
16
0.56
9.0 Sanchez et al., 1998
Digital Picture
Not cited in HERS
frame
HERS
88
0.02
1.8 Calculation
Waffle Iron/
Sandwich Grill
HERS
25
0.31
7.8 Sanchez et al., 1998
Garage Door
Opener
HERS
30
0.26
7.8 Sanchez et al., 1998
Hot Plate
HERS
30
0.23
6.9 Sanchez et al., 1998
Blender
HERS
7
0.77
5.6 Sanchez et al., 1998
Exhaust Fan
HERS
15
0.35
5.2 Sanchez et al., 1998
Men's Shaver
HERS
13
0.36
4.6 Sanchez et al., 1998
Timer
HERS
18
0.23
4.3 Sanchez et al., 1998
Garbage Disposer
HERS
10
0.39
3.9 Sanchez et al., 1998
Grow Lights
HERS
800
0.00
3.7 Sanchez et al., 1998
Sump/Sewage
Pump
HERS
40
0.09
3.7 Sanchez et al., 1998
Deep Fryer
HERS
20
0.15
2.9 Sanchez et al., 1998
Window Fan
HERS
20
0.14
2.9 Sanchez et al., 1998
Floor Fan
HERS
8
0.35
2.8 Sanchez et al., 1998
Bottled Water
Dispenser
HERS
300
0.01
2.8 Sanchez et al., 1998
Heat Tape
HERS
100
0.03
2.8 Sanchez et al., 1998

114

Table 4-8. Continued
Original
Appliance
Inclusion
Air Cleaner
Electric
(not mounted)
HERS
Hair Setter
HERS
Desk Fan
HERS
Power Strip/
Surge Protector
HERS
Heating Pads
HERS
Stand Fan
HERS
Can Opener
HERS
Home Medical
Equipment
HERS
Hot Oil Corn
Popper
HERS
Automatic
Griddles
HERS
Hand Mixers
HERS
Electric grill
HERS
Women's Shaver
HERS
Air Corn Popper
HERS
Electric Kettle
HERS
Hand-Held
Electric Vacuum
HERS
Instant Hot Water
HERS
Compactor
HERS
Curling Iron/
Flat Iron
HERS
Food Slicer
HERS
Stand Mixers
HERS
Electric Knife
HERS
Juicer
HERS
Home Security
System
NEW
Carbon Monoxide
Detector
NEW

UEC
(kWh)

Market
Saturation

Energy
(kWh)

55
10
8

0.05
0.26
0.31

Source of Information
Sanchez et al., 1998;
Saturation from KEMA,
2.7 2010
2.7 Sanchez et al., 1998
2.5 Sanchez et al., 1998

3
3
8
3

0.94
0.66
0.27
0.64

2.5
2.2
2.2
2.1

400

0.00

1.9 Sanchez et al., 1998

2

0.10

0.3 Sanchez et al., 1998

5
2
180
12
6
75

0.25
0.85
0.01
0.10
0.19
0.01

1.4
1.3
1.2
1.2
1.2
0.8

4
160
50

0.19
0.00
0.01

0.8 Sanchez et al., 1998
0.7 Sanchez et al., 1998
0.6 Sanchez et al., 1998

1
1
1
1
0

0.52
0.41
0.21
0.36
0.04

0.5
0.4
0.3
0.3
0.0

61

0.24

18

0.26
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Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998

Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998

Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998
Sanchez et al., 1998

14.3 Roth et al., 2008b
Hendron & Engebrecht,
4.7 2009

Table 4-8. Continued
Original
Appliance
Inclusion

UEC
(kWh)

Market
Saturation

Energy
(kWh)

Source of Information
Hendron & Engebrecht,
2009
Hendron & Engebrecht,
2009
Roth et al., 2008b;
Market saturation from
2009 California RASS
Roth et al., 2008b

Smoke Detector

NEW

4

0.84

3.4

Trash Compactor

NEW

50

0.01

0.5

NEW
NEW

100
50

0.05
0.02

5.0
1.0

NEW
NEW
NEW

53
1096
53

0.01
0.02
0.92

Baby Monitor
Hair Dryer

NEW
NEW

18
42

0.10
0.86

Night Light
Electric Tooth
Brush

NEW

8

2.00

NEW

12

0.06

Image Scanner

NEW

138

0.14

Irrigation Time
Small Freshwater
Aquarium (5-20
gal)
Small Marine
Aquarium (5-20
gal)
Total kWh

NEW

45

0.05

NEW

105

0.02

2.5 Roth et al., 2008b

NEW

245

0.00

0.6 Roth et al., 2008b
455.2

Lawn Mower
(electric)
Kiln
Pipe and
Gutter Heaters
Water Bed
Iron
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0.5 Roth et al., 2008b
25.2 Roth et al., 2008b
48.9 Roth et al., 2008b
Roth et al., 2008b;
Saturation from
Hendron & Engebrecht,
1.8 2009
36.1 Roth et al., 2008b
McMahon & Nordman,
2004;
Saturation from Porter et
16.0 al., 2006
0.7 Roth et al., 2008b
Saturation from 2009
California RASS;
UEC from Roth et al.,
2008b.
Standby from
Hendron & Engebrecht,
19.3 2009
Hendron & Engebrecht,
2.3 2009

CHAPTER 5
RESULTS
Overview of Findings for All Households
As discussed in detail in Chapter 4, a MEL was calculated for all 12,083 RECS
respondents. The HERS index is the most common energy rating system for residential
homes and was the baseline in which the new model was compared. The way the
HERS index calculates their residual MEL is with a square foot multiplier of .91. This
multiplier was derived by listing the UEC of typical appliances found in a home,
multiplying it by the market saturation of the appliance, and dividing it by the average
home size as provided by the 2004 RECS. The home size used by the HERS index is
1,900sqft. However, the 2009 RECS indicate that the average home size has increased
to 2,200sqft, which is an increase of nearly 16%. Using the calculated MEL for each of
the 12,083 RECS respondents, the study found that the average household uses
1,795kWh (including hot tub use). Hot tubs are categorized as a MEL by the HERS
index but are difficult to include in a model as they have a low saturation but high
energy use. This section will be comparing the RECS calculated MEL with the HERS
MEL, so hot tubs were included to be consistent. More will be discussed on the impact
of hot tubs later in this chapter. The 1,795kWh is approximately 16% of the averaged
total electrical load of the homes (11,300kWh/year). This is consistent with the MEL
percentage range found in literature (Barley et al., 2008; Ecos Consulting, 2004; Porter
et al., 2006; Roth et al., 2006; Sanchez et al., 1998; US DOE, 2012; Wentzel et al.,
1997). A breakdown of which appliances make up the 1,795kWh can be found in
Figure 5-1. The largest percentage of the MEL is from the “Other Miscellaneous”
category. Other Miscellaneous MELs are made up of 60+ small appliances such as
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irons, crock pots, and waterbeds. The complete list can be found in Table 4-8 in
Chapter 4. Typically these appliances’ individual energy use is small but because of the
large number of them they make up a substantial portion of the total MEL. Set top
boxes (13%), computers (8%), and microwaves (6%) have the next highest draw.
However they still make up relatively small portions of the total energy use. An
important take away from this graph is that no one appliance or group of appliances
drives the total MEL. The MEL is made up of many small loads, which is a leading
contributor to why MELs are so difficult to predict.
As mentioned above, the HERS index derived their residual MEL multiplier by
creating a list of UEC of the most common appliances, multiplying it by its market
saturation and dividing it by the square foot of the home. The UEC and market
saturation were provided from literature review. The RECS calculated MEL of this study
uses almost all of the same UEC values as the HERS index but uses the RECS 2009
for market saturation for the appliances that make up approximately two thirds of the
load. Table 4-7 provides a comparison between the HERS Index and the RECS
calculated residual MEL breakdown. Notice that the total HERS index residual load for
a “typical” house is 1,714kWh. As stated above, the assumed average home size is
1,900sqft. The MEL load of 1,714kWh divided by 1,900sqft gives you the HERS index
residual MEL multiplier of .91kWh/sqft. Ultimately the difference between the two total
residual MEL is very small with only a 4.7% difference. Although not conclusive, the
fact that the calculated MEL for all households is close to the established MEL model
helps to validate that the MELs were estimated accurately.

118

Some interesting findings can be seen by comparing the HERS and RECS MELs
as shown in Table 4-7 especially between set top cable boxes, well pumps, and “other”
MELs. The calculated MEL from set top boxes has over doubled from the HERS value
to 134kWh annually. This is explained largely from market saturation. The market
saturation use of cable set top boxes has increased from 40% to nearly 80% for the
primary television. Additionally, the proliferation of DVRs (digital video recorders)
contributed to this increase. The energy intensity used for well pumps significantly
decreased from 147kWh to 20kWh/year. This decrease was caused by two factors.
First, the market saturation from the HERS to the 2009 RECS decreased from 17% to
12%. The much larger impact was due to the change in UEC. As described in Chapter
4, it was felt that the UEC used by the HERS grossly overestimated the energy
consumed from well pumps. The HERS index had a UEC of 862kWh, whereas this
research felt that 173kWh closer estimated the actual averaged load. See Chapter 4 for
a more detailed explanation on how the revised UEC was calculated. The “other
miscellaneous” category also varied significantly. It is important to understand when
reviewing Table 4-7 that auto block warmers, answering machines, and humidifiers are
included with the HERS “other” category but were not in the RECS MEL. Each of these
appliances was included in the RECS so their market saturation could be used to
calculate their load. To accurately compare HERS’s “other” miscellaneous with the
RECS’s “other miscellaneous,” the energy use for these three appliances (3 + 16 + 15 =
34kWh) should be added to the RECS category. The true comparison is between
HERS’s 329kWh and the RECS’s 489kWh (455kWh+34kWh = 489). This addition
furthers the spread between the two models. RECS market saturation data was used
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for auto block warmers, answering machines, and humidifiers so this accounts for some
of the variance; but the main cause was that this study added 17 appliances not
included with the HERS typical house. These appliances with their market saturation
can be found in Table 5-1. Combined, the added 17 appliances add an additional
183kWh per year to a “typical” home. The Roth study and the Building America
Program’s House Simulation Protocols were principal resources for UEC and market
saturations.
Analysis of Independent Variables
Ultimately this research created a new model for predicting MELs by using a
stepwise multilinear regression. However, before a multilinear regression model could
be created a review of the independent variables (occupant characteristics) was
completed. This was done to determine the overall impacts that the occupant
characteristics had on MELs, which characteristics had the most impact, and which
were statistically significant. A review of statistical terms and definitions has been
provided in Appendix B if clarification is needed.
Trending of Independent Variables
The first step in answering the research question is to identify what occupant
characteristics to include in our hypothesis. There are obviously a near infinite number
of characteristics that could be used. However, to be able to test the significance of any
particular characteristic it must be one that was included in the RECS. The occupant
characteristics and the category of independent variable included in the survey can be
found in Table 5-2. The next step in the analysis was a simple test in trending. This
was performed by averaging the MEL of groups of households with occupant
characteristics of interest. For example, the study would want to determine if there is a
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correlation between when the home was built and the MEL. Figure 5-2 shows that there
is a strong trend that the newer the home the higher the MEL. The trending analysis
just provides an overall sense if an occupant characteristic is influencing the MEL. Firm
conclusions cannot be made from this kind of review, but knowing the individual
trending of the occupant characteristics is of interest and worth identifying. The trending
analysis also can show if the relationship between the variables is linear or nonlinear.
Descriptive Statistics
Another important part of the analysis of the data is the review of the “descriptive
statistics” of the occupant characteristics. The “descriptive statistics” are the basic
statistical characteristics of an independent variable. The traditional descriptive
statistics include the sample size, minimum value, maximum value, range of values,
mean, standard deviation, and variance. Table 5-3 includes the descriptive statistics
for each of the independent variables (occupant characteristics). The “Min” and “Max”
are the minimum and maximum values for each variable. The “Range” is the spread
between the minimum and the maximum. Some of the variables are categorical,
meaning that the responses are grouped in only a few options. For example, the
occupant characteristics “marital status” only has two choices: married (1) or not
married (0). For that variable, the minimum is zero while the maximum is 1. (The
standard deviation and variance do not provide any insights for categorical variables.)
Part of what makes predicting MELs so difficult is not only are there many factors that
influence it but also a large range of values in the factors. The energy use for
Miscellaneous Electrical Load (first line) ranges significantly from 680kWh to 4,885kWh
(range of 4,205) highlights this point. Size of home, number of household members,
number of children, age of householder, and income all have notably large ranges. Of
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particular interest to this study is the standard deviation and the variance. The standard
deviation is the amount of deviation or “dispersion” from the mean. A low standard
deviation indicates that the data points are close to the mean. Conversely, a large
standard deviation indicates a large dispersion of the data points from the mean. The
variance is the standard deviation squared. If the observations are normally distributed
(which they are in this sample), approximately 68% of the observations fall within +/one standard deviation. By dividing the standard deviation by the mean you can get a
sense for how dispersed the factors are. Miscellaneous Electrical Loads (excluding hot
tubs) has a standard deviation that is +/- 31% of the mean. To put the dispersion into
context let’s use householder income as an example. The mean householder income
for all RECS respondents is $58,319 and has a standard deviation of $43,251. This
means that for approximately 68% of the population the incomes range from $15,068 to
$101,570. This is a very large range of incomes that could greatly influence the number
and type of appliances in a home. Similarly, “size of the home” and “number of
household members” have high standard deviations. The average home size is
2,172sqft but the spread of one standard deviation ranges from 717sqft to 3,626sqft.
This home size range includes small apartments to very large single family houses.
The average number of household members is 2.7 but approximately 68% (one
standard deviation) of the sample has between 1.2 and 4.2. The lifestyle of a single
person living alone varies significantly to a home with two adults with two teenage
children. Because of the many characteristics that influence MEL use and the large
dispersion within the characteristics it is clear that no one characteristic can effectively
predict MEL usage. Income, size of home, and household members were singled out
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as they were the characteristics used in the new model to predict MELs. Why those
characteristics were used over others will be explained in more detail later in this
chapter.
Testing for Significance
Another step in the review of the individual occupant characteristics was
conducting a test for statistical significance. For this an Analysis of Variance (ANOVA)
test was used. An ANOVA test is a statistical method used to compare the means of
multiple independent variables (occupant characteristics) with a prediction model. As
this study is using a 95% confidence level, the ANOVA test will determine if the 5% or
less of the variance is caused by chance or sampling error and that the results would be
the same 95% of the time with a different sample from the same population. In this test
the hypothesis (Ha) is that occupant characteristics influence MELs. By contrast the
null hypothesis (Ho) is that occupant characteristics do not influence MELs.

The ANOVA tests the probability of getting these observed results or results
more extreme if the null hypothesis was true. Stated another way, the occupant
characteristics are considered significant if the probability that their explanatory power is
due to sampling error is less than 5%. An ANOVA table for all of the occupant
characteristics is found in Table 5-4. The “regression (model)” is what is predicted
using the independent variable to describe the dependent variable. Here each of the
independent variables is being tested for significance, so the regression model only has
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one predictor (single linear regression). When the new model was developed a similar
ANOVA test was performed to test the significance using multiple independent
variables. That will be discussed later in this chapter. The “residual (error)” is
essentially what was observed with the RECS data. The “sum of squares” is the
difference between what was observed and what the model predicted squared. The
ratio of the residual sum of squares to the total sum of squares provides some insights
into how well the model predicts the dependent variable. The total degrees of freedom
(df) are the sample size minus one (N – 1). The regression degrees of freedom are the
number of categories in an independent variable minus one (k - 1). Residual degrees of
freedom are the difference between the total and regression degrees of freedom.
Degrees of freedom do not provide any insights into the data aside from determining the
sample size and number of categories in the independent variable. They do help in the
determination of the “Mean Square,” which is the “Sum of Squares” divided by the
degrees of freedom. The regression “Mean Square” is divided by the residual “Mean
Square” to calculate the “F statistics.” The “F statistics” is used to calculate the “pvalue” or level of significance. The real function of the ANOVA table is to determine the
“p-value.” If the “p-value” is low it means that there is a low chance that the null
hypothesis is true. In other words if the “p-value” is small it means the independent
variable is statistically significant. For this study, all of the independent variables
reviewed have a very low p-value (<.0005) so all are considered statistically significant
at 95% confidence. There is a difference between statistical significance and practical
significance. The practical significance requires a mind behind the numbers to see
which variables should be included in a regression model to function in the real world
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“practically.” The new MEL model produced in this study does limit the number of
occupant characteristics it includes, which increases its practical functionality at the very
slight expense of some statistical significance. More will be discussed on this when the
step-wise regression model is explained.
Before the ANOVA study can be performed there are three assumptions that
must be satisfied. The first is that the residuals from the sample are normally distributed
or has the familiar bell-shaped curve. A residual is the difference between what was
observed (each of the 12,083 MEL values from the RECS) and what the model
predicted it should be. Figure 5-3 graphs the residuals for all 12,083 observations.
The vertical axis is the frequency of the residual and the horizontal axis is how many
residual standard deviations there are from the predicted value. Figure 5-3 shows a
very near normal distribution with a slight right tail skew. Having an exactly normal
distribution is extraordinarily unlikely but the data provided in the RECS is very close.
With a lower limit of zero kWh and no upper limit also lends itself to a right tail skew.
Regardless, the central limit theorem states that because of the large sample, a near
normalized distribution can be treated as if it were normal. The second assumption is
that any errors in the individual cases are independent from one another. In this study
each of the 12,083 survey respondents were randomly selected and independent of
each other. Additionally, the calculation of the MEL is on an individual case by case
basis without any inferences made from the sample as a whole. The third assumption
is the homogeneity of the variance, which is sometimes called the equality of variance.
This means that the variances in the observations of an independent variable are similar
throughout the data set. Figure 5-4 shows the predicted values from the model on the x
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axis and the standard deviations of the residuals on the y axis. When looking for
homogeneity of the residuals, it is expected that the graph will be without pattern or
form. Figure 5-4 shows that the variances are homogenously spread across the data
set.
Correlation of Independent Variables
When reviewing the occupant characteristics with an ANOVA study it is important
to understand the correlation between not just the MEL (dependent variable) but also
the other occupant characteristics (independent variables). The Pearson Correlation
test, developed by Karl Pearson in the early 20th century, is widely accepted in the
academic community and was used in this study. The Pearson Correlation test
measures the linear dependence of two variables denoted with the letter “r” and ranges
from -1 - +1. The sign indicates the slope or direction of the correlation. The closer the
r value is to either -1 or +1 the higher the correlation is between the two variables.
Appendix C provides a summary of the correlations of all of the variables being
considered. All of the variables are listed along the left side and top of the tables. The
intersection of the variables on the left side with the variables along the top indicates the
correlation between the two. You will notice that there is a diagonal line from the upper
left to the lower right where all of the r values are 1.000. At these intersections the
variable on the left and the top are the same. The table is showing that there is a 100%
correlation between a variable and itself. The first column in Appendix C is the
dependent variable Miscellaneous Electrical Load and is the most interesting for this
study. The table shows that the income (r = .424), sqft of Home (r = .410), and size of
garage (r = .349) have the highest explanatory power of miscellaneous electrical loads.
Marital status (r = .310), type of house (r = -.284), and education (r = .260) also have
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high r values. The table also shows that there can be a high inter-correlation between
the occupant characteristics. For example there is a 59.9% correlation between the
square footage of the home and its garage size. The phenomenon is called
“multicollinearity.” Because the occupant characteristics (independent variables) can be
highly correlated with themselves you cannot just take the characteristics with the
highest r values to construct a model. To provide the best fit equation that describes
MEL usage, a “stepwise” regression process was used. Stepwise regression will be
discussed in more detail later in this chapter. Before stepwise regression is discussed,
the following paragraphs will review each of the occupant characteristics and how they
relate to MEL usage.
Housing type
One of the independent variables considered in this study was housing type.
This includes mobile homes, attached and detached single family homes, and
apartments. Housing type is not an occupant characteristic but worth reviewing for
insights into MEL usage. Figure 5-5 shows single family homes standing out from the
other categories as having a significantly larger MEL. Intuitively, other factors such as
home size and income play a role in the energy consumption. The average detached
single family home in the RECS sample is 2,700sqft. The group with the next largest
square footage is attached single family homes that have an average size of 1,900sqft.
There is a 30% difference in size between attached and detached homes. The
difference in size is even greater in the other housing types with apartments with 2 – 4
units averaging 1,100sqft, mobile homes 1,000sqft, and apartments with 5+ units at
900sqft. Income has a similar distribution. Households living in detached single family
homes have an average income of $67K as compared with attached single family
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homes, apartments with 2 – 4 units, mobile homes, and apartments with 5+ units with
incomes of $57K, $37K, $32K, and $38K, respectively (Table 5-5). The Pearson
Correlation table (Appendix C) confirms this as the size of the home and that
householder income has a 43.9% and 22.7% correlation, respectively. What is less
intuitive is that the home’s location in either an urban/rural location (r = -.264) and
householders’ marital status (r = -.262) also are strongly correlated to housing type.
Urban/rural location is less interesting because it is so weakly correlated to MEL usage
(r = .086), but marital status is highly correlated (r = .310).
AIA climate zone and Building America climate regions
AIA climate zone and Building America (BA) climate regions were other variables
considered. Figure 5-6 shows the association between MEL and the AIA climate zones,
while Figure 5-7 shows the energy use by BA climate region. The AIA climate zone
(Figure 5-6) does appear to show a pattern with homes in extreme heating or cooling
areas tend to use more MEL. The BA climate regions appear to show no pattern of
location to MEL usage (Figure 5-7). The BA climate regions use cooling degree days
(CCD) and heating degree days (HDD) as the driver to define the boarders of the
regions but are more generalized than the AIA climate zones. This looser affiliation with
climate conditions is likely the reason why there is no correlation between BA climate
region and energy use. Because there is a “U” shape in the energy graph the climate
regions squared was used to normalize the graph. The AIA climate region squared
shows a small correlation between climate zone and the year the home was built (r =
21.9%-Appendix C). This is reasonable as different parts of the country experience
different growth at different periods of time. This correlation is not of much interest to
the study, because the year the home was built has a very low correlation with MEL
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usage (r = 3.6%). No other characteristics have any significant correlation to either the
AIA Climate Zones or BA Climate Regions.
Home size and number of household members
Both the HERS index and the BA program use the size of the house as the
principal indicator of MEL intensity. This is well founded as the size of the home is only
behind income with the highest correlation with MEL (r = 41.0%) (Appendix C). As
shown in Figure 5-8 there is a very strong trend between home size and MEL intensity.
Most of the individual appliances that make up the MEL increase steadily as home size
increases. However, TV set-top boxes, hot tubs/spas, and desktop/laptop computers
rise sharply with the increase in home size (Figure 5-9). Other characteristics that were
reviewed that are related to home size are total number of rooms and number of
bedrooms (Figures 5-10 and 5-11). Total number of rooms (Figure 5-10) rises steadily
and has a similar trend with the square footage of the home (Figure 5-8). Number of
bedrooms also has a similar pattern of energy use, except that once the number of
bedrooms exceeds five the energy use starts to decline (Figure 5-11). The weight that
the model places on these high bedroom houses is low as they represent less than 1%
of the homes included with the RECS sample. A point worth highlighting is that the BA
program uses number of bedrooms as an independent variable to calculate MELs.
Number of bedrooms is used as a surrogate for number of household members,
assuming that number of members influences MELs. This assumption is at least
partially validated as Figure 5-12 shows that there is a strong association between
number of bedrooms and number of household members. The residuals or difference
from mean to trend line is highest with homes with four or more bedrooms. This
suggests that the BA model may become increasingly inaccurate for homes with a large
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number of bedrooms. This is a known limitation by the BA program (Building America,
2007). This can be partially explained by Figure 5-13, which shows the relationship
between number of household members and energy use. Intuitively, it would make
sense that the more people in the home the higher the MEL; and this holds true for
homes between one and four members. However, energy consumptions starts to trend
back down for homes with five or more members, suggesting that other factors are
influencing energy use. Appendix C shows that marital status (r = 44.1%), householder
age (r = 35.3%), number of children (r = 84.0%), and retirement status (r = 26.3%) are
all highly correlated to the number of household members in the home. Interestingly,
education (r = 4.6%) and income (r = 17.3%) have a relatively low correlation to the
number of household members.
Home Business
A home business has a correlation of 19.7% with MELs, which is fairly moderate
when compared to sqft of the home (r = .410) and income (r = 42.4). The difference
between households with a home business and those without is approximately 500kWh
(Figure 5-14). 500kWh is nearly 30% of the average household MEL. However, what
makes this characteristic interesting is that it is not very correlated to any of the other
characteristics. The highest correlation is with income but only 13.8%. What this
means is that even though its correlation with the dependent variable (MEL) is 19.7%,
very little of its correlation is explained with other variables. This variable is part of the
new model because its correlation with MEL is unique and independent from other
variables.
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Income and Education
Of all of the characteristics included with the RECS, income has the highest
correlation with MEL usage and has an r value of 42.4%. As one would expect there is
a lot of correlation with other independent variables. Three specifically worth
mentioning are square footage of home (r = .461), education (r = .443), and marital
status (r = .351). The association of MEL and square footage has been shown before in
Figure 5-8. Figure 5-15 shows the comparisons between MELs and education and
marital status. Statistically, income and education are very similar. They both have
high explanatory power on MELs but also have high correlations with other independent
variables. Because of their similarity, their explanatory power overlaps. Stated another
way, income and education explain the same parts or variance of the MEL. Income has
a higher r value and is used in the final model. However, if income is not available
education could be used fairly successfully as a substitute. Marital status also has a
high r value. Figure 5-16 shows that married households use 400kWh/year more than
unmarried households. This is 24% of the average household’s MEL. While this is a
substantial swing in kWh and the correlation with MELs is high (r = .310), marital status
is also highly correlated with the square footage of the house (r = .283), number of
household members (r = .441), and as stated before income (r = 35.1). Much of its
explanatory power is shared with these other characteristics. In other words, it does not
add much that has not already been explained with other independent variables. This is
the reason marital status was not included in the final new MEL model.
Other independent variables
There are other occupant characteristics that were reviewed in this study.
Because of the large sample size, all of them were statistically significant but do not
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correlate well with the MEL. These independent variables are householder age,
number of children, if the householder was home throughout the day, and retirement
status. The range of MEL usage for each of these characteristics can be found in
Figures 5-17 through 5-20. One occupant characteristic that surprisingly did not impact
MELs significantly was whether the householder was home throughout the day or not.
Intuitively it would seem obvious that the longer the householders are in the house the
more MEL energy they would use. This study found that the difference between
households home during the day and not is less than 100kWh/year. This small
difference in energy use is the driver behind an r value of .082.
Stepwise Regression
The research question for this study was to determine if the addition of occupant
characteristics improved the prediction of MELs. To do this a new regression model or
explanatory equation was created based on the RECS data. The study used a
“stepwise regression” to generate the “best fit” regression model. A stepwise regression
systematically adds and removes independent variables (occupant characteristics) to
determine which ones best explain the dependent variable (MEL in kWh). The
regression study created a series of models each with an increasingly large number of
independent variables. The first model would only use one independent variable and
have the lowest explanatory power expressed as the models R squared (square of
residuals). The last model would use all (or most) of the independent variables to
explain the dependent variable and have the highest explanatory power. However, the
explanatory power did not increase linearly with the addition of more independent
variables. Each additional independent variable would have a diminishing explanatory
value than the previous independent variable. Ultimately, using the researcher’s
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judgment the “new model” was selected such that it provides a balance between high
explanatory power and simplicity to use in application.
Errors in Variable
Before discussing the specifics of the various stepwise models it should be noted
that an assumption was made about the independent variables used. This assumption
was that the “error in variable” is zero. The error in variable is the potential errors when
observing the regression predictors. In this case the predictors are the occupant
characteristics included in the RECS. Essentially, this assumption is that the data used
from the RECS was collected accurately and represents the survey respondents
correctly. Although it is very likely that some error occurred in the data collection it will
be treated as zero for two reasons. First, the sample size is very large so a small
number of errors will not significantly influence the regression equation. Second,
although there maybe errors in collection of the data it would be random and thus not
bias the results in any particular direction. Random errors in data collection tend to
balance themselves out with large sample sizes.
Stepwise Models
The calculated RECS MEL (dependent variable) and the entire occupant
characteristics (independent variables) were input into the statistical software package
SPSS. The software ran a stepwise regression analysis and created 17 regression
models, each with an increasing number of independent variables. The first model has
only income as the independent variable to explain the MEL. The last model (model R)
has 17 independent variables used to explain the MEL. Table 5-6 provides a list of the
independent variables included in model R in order of highest to lowest explanatory
power. Table 5-7 summarizes the 17 models. The R and R Square values are
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measures of the explanatory value of the models. The column titled “Independent
Variables” indicates the variables included with the model as listed in Table 5-6.
Notice that model “A” has only income as a variable to explain MELs. The R value for
this model is .424, and because the model has only one independent variable, R is the
same as what is provided in Appendix C. As the number of variables increases, the R
and R square values get larger. This is because for each new model one variable is
added to further explain the MEL value. However, each new independent variable does
not correlate with the MEL equally. In fact, because the stepwise process selects the
independent variables with the highest r values first, each new model increases the
explanatory power by a decreasing amount. Note the column titled “R Square Change”
that shows the increased explanatory power of the model from the previous model. For
example, model “B” has a 5.9% higher explanatory power than the previous model “A.”
Each subsequent model has a reduced explanatory power but increases in complexity
and difficulty to use in practical application. A balance was struck between explanatory
power and ease of use in application. This decision does have some subjectivity
involved, but for this study model “E” will be used. All other models have less than 1%
change in R square, and it was felt that this minor increase does not outweigh the
increase in difficulty to use the model in practice.
Multicollinearity of Model
Before the Model “E” can be selected as the new MEL model two characteristics
need to be verified. First, the new model needs to be tested for statistical significance.
All of the independent variables used were statistically significant, so it is extremely
likely that their additive explanatory power would also be significant. Table 5-8 is the
ANOVA table for models A – E and as expected has a p value less than .0005 for all
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models and is statistically significant. The second characteristic of the model that needs
to be verified is if there is too much correlation between the independent variables. This
condition is called “multicollinearity.” Multicollinearity makes the model unstable where
small changes in the independent variables can have exaggerated effects on the output.
There are three tests used to check for multicollinearity, and the results of these tests
can be found in Table 5-9. The first two tests are the “Tolerance” and the “Variance in
Frequency” (VIF). Tolerance is simply the inverse of the VIF. The rule of 10 (or .1 for
tolerance) is widely accepted as the threshold of an unacceptable level of
multicollinearity (O’Brien, 2007). Table 5-9 shows that Models A – D all have very small
VIFs with values that do not exceed 1.297. It is not until “household members squared”
is introduced that the VIF increases to 8.968. This is expected as there is a strong
correlation between household members (IV3) and household members squared (IV5).
Still, the VIF is under the threshold that strongly suggests that multicollinearity is not a
concern in these models. Another test to determine if there is a multicolinearity problem
is the “Condition Index.” As a rule of thumb, a condition index less than 30 is
considered to have an acceptable level of multicollinearity (Manzoor et al., 2011). Here
again, multicolinearity is not being flagged as an issue as all of the condition indexes for
the independent variables are much lower than 30. Based on these three tests,
multicollinearity is not being considered an issue in any of the first five models (A – E).
Components of Explanatory Equation
The MEL models created from this study are explanatory equations and use a
constant and coefficients to estimate MELs. A constant (a) is sometimes called the “yintercept” is a fixed value included with all calculations of an explanatory equation. As
this explanatory equation is predicting MEL, the constant generally represents the
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minimum energy use for all residential homes. Coefficients (bk) are sometimes called
“multipliers” and used to convert the values of the independent variables (x) into the
predicted value units as shown in the generic template for a multilinear explanatory
equation below:

Model E is the model that this study is presenting as the best balance between
explanatory power and ease of use. In model E the independent variables used
(denoted by “x” in the equation above) are income, square footage of the home, number
of household members, if the household contains a home business, and the household
members squared. These are all quantitative variables and extend from zero to infinity.
The x value for income is simply the total annual income of the household in US dollars.
Similarly, the x value for square footage of the home is the actual square footage of the
conditioned space of the household. The x value for number of household members is
the number of people of any age who live in the home. This excludes members not
actually living in the home, such as children away at college or serving in the military.
One of the variables is household members squared. Number of household members
was squared to better model the nonlinear (U shaped) relationship between household
members and MEL usage. Figure 5-13 demonstrates that as the number of people in
the home increases beyond four the MEL intensity decreases. The squaring of the
household members captures the decreased energy use from large member
households. Home business is a dichotomous independent variable, meaning that
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there are only two options. If there is a home business the x value would be one. If
there is not a home business in the household then the x value would be zero. The
constant and coefficient values for the models A – E are shown in Table 5-10. The
constant values indicated in Table 5-10 would be used for the “a” value in the formula
above. Model E with the coefficient labels is provided below:

(

)

Example of Explanatory Equation
To illustrate the explanatory equation, an example of a very common home will
be provided. For this example the assumed household “Alpha” has an annual income
of $55,000 (x1), lives in a 1,400sqft home (x2), has three members (x3), and does not
operate a home business (x4). With these independent variables the equation would
be as follows:

(

)
(
(

)

(

)

( )

( )

)

Using model E the estimated annual MEL in kWh for household Alpha described
above would be 1,635kWh/year. However, with any statistical equation there is a
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certain amount of uncertainty in the equation’s outcome. This uncertainty is expressed
as the margin of error. Table 5-10 provides the margin of error for models A – E.
Model E (which was used above) has a margin of error of 857kWh. The confidence
interval for household Alpha is 1,635 +/- 857kWh. What this means is that with 95%
confidence Alpha’s true energy usage is between 778kWh and 2,492kWh. This is a
fairly wide interval but not unexpected considering the large standard deviations of the
independent variables (Table 5-3) and the relatively weak correlations between the
variables (Appendix C). The wide range does not mean that the model does not have
any practical explanatory power. In fact, it will be shown later in this chapter that model
E is a better predictor of MELs than current practices.
Hot Tubs
It should be highlighted that the RECS calculation of the MEL does not include
hot tubs. This is a distinction between this model and the HERS model. The HERS
model includes hot tubs as part of the MEL multiplier. The HERS model assumes a
UEC of 2,040kWh/year and a market saturation of 3% (Figure 2-6). Considering that
the average MEL of all RECS respondents is 1,795, a UEC of 2,040kWh is an extreme
value for one appliance. The market saturation of 3% is also an extreme value and
shows that the energy use does not reflect the vast majority of the population. The
energy load added to the HERS “typical” house is 61kWh/year (2,040kWh * .03). What
this means is that for 97% of the population, 61kWh is added to the model for an
appliance they do not have. This is only 3.5% of the total MEL of the HERS “typical”
house so it does not skew the model significantly. However, for the 3% of homes with
hot tubs the HERS model grossly underestimates the MEL. Due to the high UEC and
low market saturation this appliance cannot be averaged with the rest of the MELs and
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is disaggregated out for the new model. Homes with hot tubs should add
2,040kWh/year to the new model to account for the appliance. Although not as
extreme, water beds also have a high UEC (1,096kWh/year) and low saturation (3%). A
case could be made to disaggregate water beds out from the residual MEL category as
well but it was felt that this wasn’t appropriate to do so in this study. To do so would
add another layer of complexity to the model without a sufficiently large return in
precision.
Improved Standard Deviation Using the New Model
The supposition of this study is that the new model is a better predictor of MELs
than the HERS model. To test this, the MEL of all of the RECS respondents was
calculated using the new model and the HERS model. For the new model this included
all of the coefficients shown in the equation above, but the HERS index only uses a
multiplier of .91kWh/sqft of the home. The results of the two models can be found in
Table 5-11. The “Model Average” is the average energy consumption for all 12,083
survey respondents. The average between the two models is relatively close. Using
the HERS model the average energy consumption is 1,977kWh, whereas using the new
model the energy consumption is 1,792kWh. There is almost no difference between the
“Calculated RECS MEL” and the “new model,” but this is because the new model was
derived from the calculated MEL. The difference between the HERS model and the
new model is only 185kWh, which is a 9.4% difference from the HERS model. What is
more noteworthy is the standard deviation, which is the dispersion from the individual
observations from the predicted model. The standard deviation of the HERS model is
1,323kWh where the new model’s standard deviation is less than half of this. Assuming
that the calculated MEL accurately represents the true MEL for each of the households,
139

what Table 5-11 shows is that the new model and HERS model explanatory power for
entire populations is very close. The new model improves the overall population
predictive power by 9.4%. However, at the individual home level the new model is more
likely to predict the true MEL by 54.8%, because there is less deviation between the
model and individual observations.
Validation of Model
Once the new model was created it was validated with 24 test homes. The MEL
for each of the homes was calculated by monitoring plug-loads with data loggers, an
occupant survey, and literature review of typical UEC values. The homes were
monitored with the data loggers for a two-week period with the yearly MEL extrapolated
from the data collected. The data collected from the data loggers was combined with
the information collected from the occupant survey to estimate a yearly MEL for the
home. The occupant survey primarily provided information about the occupant such as
income, marital status, and size of home and information on appliances used that could
not be monitored. The yearly MEL of the 24 homes was compared with the calculated
MEL using the new model. The new model was calibrated based on actual data
collected at the test homes the new model was calibrated.
Narrowing the Definition of “Validation”
Before continuing with the “Validation of Model” section it is important to limit the
definition of the word “validation” for this study. The process involves using 24 homes
to test the model which is not enough to statistically validate it. To statistically validate
the model, a minimum number of 385 households would need to be monitored (using
Lehr’s equation). Since this was not a funded research project, resource and time
limitations prevented the monitoring of this many homes. The comparison of the new
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model with these test homes does still have value but only provides an overall sense of
its accuracy. For the purpose of this study the word “validation” will imply a general or
partial validation and not necessarily a statistical validation.
Survey
The occupant survey had two primary objectives. First, the survey was to help
“fill in the gaps” for MELs that could not be monitored. The second objective was to
help identify what homes would be good candidates to validate the model. An important
distinction to highlight is that the test homes were selected based on their value to test
the model and not necessarily homes that represented the average population. These
two criterions are not completely dissimilar but the priority was placed on testing the
model. The occupant characteristics used in the model are income, square footage of
homes, number of household members (household members squared), and if there was
a home business. The test homes selected had a wide diversity of these
characteristics. Before discussing the diversity of the test homes, the occupant
characteristic “income” should be elaborated on.
Household’s Income
Income can be a sensitive subject to some people. As the survey and
participation in the study was voluntary without any compensation it was felt that asking
about income in the survey should be addressed delicately. Income was grouped into
ranges of $40K, and the occupants were asked to indicate what grouping best
described their household. Specifically, the question asked if the household earned 1)
less than $40K, $40K – $79K, $80K – $120K, and $120K+. Using the RECS, the
stepwise regression process was used to create a model that predicted income using
this response as an independent variable and other variables such as education, home
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size, and marital status. Using the income groups and the other independent variables
listed created a regression model with an R2 value of 92.7%. The estimated income
using the regression model was used in the MEL model (model E) to predict the test
homes’ MEL.

Income: 1) <40K, 2) $40K – $79K, 3) $80K – $120K, 4) $120K+
Education Level: 0) No schooling, 1) K – 12, 2) High school diploma, 3) Some college,
4) Associate’s degree, 5) Bachelor’s degree, 6) Master’s degree, 7) Professional
degree, 8) Doctorate degree
Marital Status: 1) Married, 2) Unmarried

Survey Response
The survey was of course used specifically for this study but several questions
were included that could be useful for future studies. For example, the HERS index
does not include televisions as a residual MEL but other organizations such the Building
America program does include it. With this in mind, television size was one of the
questions asked about. Space heaters are another appliance not included as a MEL in
the HERS model but asked about in this study. The complete survey can be found in
Appendix A. The results of the survey have been summarized into two categories:
house characteristics and occupant characteristics. Table 5-12 shows the house
characteristics of the 24 test houses. The Model Validation (MV) houses are listed 1 –
24. The MV ID number is used to keep the actual householder’s name anonymous as
stipulated in the IRB protocol. Of the house characteristics only square footage is being
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included with the MEL model. The house size ranges from 1,040sqft – 3,697sqft with
an average of 1,947sqft. The RECS data indicated that the average household size
was 2,172sqft with a standard deviation of 1,454sqft. This is slightly above the average
test house size but, given the standard deviation, approximately 68% (empirical rule) of
the RECS homes range from 718sqft and 3,626. This home size spread matches very
closely with the test house spread. The HERS “typical” home used to create its model
was 1,900sqft so this sample mirrored the HERS model well.
Survey Response – Income
The second type of questions that the survey addressed was occupant
characteristics. This was very important as the study’s hypothesis is that occupant
characteristics can be used to improve MEL modeling. Income, number of household
members, and if there is a home business were all addressed in the survey and
summarized in Table 5-13. Table 5-13 shows “income range” which is what the test
householders responded in their survey and “estimated income” which is the calculated
income using a regression model. Incomes range from $12,323 - $143,590 per year
with an average of $81,062. Over 85% of all of the households included with the RECS
have incomes within this range. Table 5-13 shows that the number of household
members ranges from 1 – 7 people and has an average of 3.4 people. Over 95% of the
households included in the RECS have from 1 to 7 household members. Of the 24 test
houses only 3 contain home businesses. Ideally, more households with home
businesses would have been collected but obtaining these types of homes was difficult.
Home businesses provide the least explanatory power of all of the occupant
characteristics in the new model so it was not felt that this dramatically impaired the test
house’s capacity to validate the model.
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Skewness of the Test Houses
As mentioned earlier, the primary purpose of the test homes was to validate the
model. However, it is worth highlighting that there is some skewness in the
characteristics of the test homes that do not represent the population well. For
example, Table 5-12 indicates that 83% (20 of 24) of the homes are single family
detached as opposed to only 65% indicated in the RECS data. Similarly, of the test
homes only 8% (2 of 24) are in a rural area and 25% rent (6 of 24), whereas the RECS
data shows this to be 65% and 32% respectively. The test homes also had more
members, were better educated, and had higher incomes than the average RECS
respondent. Table 5-13 shows the average number of people in the test homes was 3.4
members, the median education level was a “master’s degree”, and had an income of
81K. The average RECS household had 2.7 members, the highest level of education
was “some college,” and an income of 58K. Again, representing the US population was
not the goal of the test houses but is worth noting, especially when looking at what
homes the new model predicted better than current practices.
Data Loggers
The actual MEL for 24 test houses was recorded to validate the accuracy of the
new model. The majority of the MEL was recorded using “Watts Up? Pro ES” data
loggers. The data loggers were provided to the study at a substantial discount by the
manufacture ThinkTank Energy Products, Inc. The loggers have a limited amount of
memory, so energy consumption “snap shots” were taken every 30 seconds. Recording
data every 30 seconds allowed the data loggers to record 15 days of information. The
data was trimmed to 14 days so the ratio of weekdays and weekends would not be
skewed. The number of data loggers installed depended on the number of plug loads
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that could be recorded, but they ranged from 4 to 11 with an average of 7. Homes with
only four data loggers were homes with either low income, few household members, or
both. There was no noticeable pattern in the householders with a higher number of
data loggers installed. An unexpected advantage found with using the Watts Up? Pro
ES data logger is that the data recorded cannot be modified or deleted from the unit
without plugging it into a computer. This was an advantage because many
householders, children in particular, were very interested in the data being recorded.
Power information such as watts, amps, volts, and power factor can be shown on the
display by pushing buttons on the device. Pushing the buttons and watching the
different read-out change satisfied the curiosity of the children but did not corrupt the
data recorded.
Comparing Recorded Energy Consumption with Published UEC data
The New Model used the RECS survey in combination with published UEC of
small appliances to calculate the MEL of the RECS respondents. Additionally,
published UEC data was used to supplement the information recorded with the data
loggers when monitoring specific MEL in the test homes was not possible. Because of
the weight of importance that this study places on the published UEC information, a
comparison was made between the actual energy consumption recorded with the data
loggers and the published UEC. The studies that created the published UEC data were
considerably more involved than the monitoring of 24 test houses. The UEC studies
used much larger sample sizes and incorporated the energy consumption from many
different makes and manufacturers of the various appliances. With this in mind it would
not be appropriate to use the recorded data from the test houses to supersede or
invalidate the published UEC. Still, the comparison was used to show a general
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consistency between the “average” householders included in the UEC studies and this
study’s test houses.
The summary of the comparison between what the data loggers recorded and
what was expected based on the published UEC is provided in Table 5-14. Through the
course of the study, data loggers were used to record two-week periods over 160 times.
On several occasions the data recorded was corrupted and could not be used. Other
times, uncommon appliances without published UEC data such as weather stations,
foot massagers, and rice cookers were recorded. In both cases, these data logging
events were excluded from Table 5-14 because they are not applicable to a UEC
comparison. The comparison includes 140 data logging events, which recorded the
energy consumption from 271 appliances. The energy consumption (extrapolated for
the entire year) recorded on the data loggers was 13,851kWh. The published UEC for
the 271 appliances recorded on the data loggers was 13,933kWh. This is a difference
of less than one percent. While this would seem to indicate that the published UEC
mirrors very closely to what was observed in the test houses, it is important to look at
the variance from what was expected from what was observed at the individual
appliance level.. For the 140 data logging events the average difference from what was
recorded to the published UEC was 119%. Several data logging event deviated from
what was expected significantly; in excess of 2,000% in some cases. These large
outliers influenced the average considerably. A better measure of evaluation is the
median difference between published UEC and what was recorded. In this study the
median differences was only 20%. What can be inferred from this data is that while
there can be significant deviations from published UEC to what is actually observed,
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overall the UEC is fairly accurate, As mentioned before, a sample size of 24 households
is not enough to make any conclusions but this study does support the findings of past
studies.
An important question to address is that if any specific appliances are
consistently skewed from the published UEC data. Because of the limited number of
data loggers available to the study, not every appliance was monitored individually. In
fact, the majority of the data loggers had multiple appliances being recorded so that the
home’s total MEL could be recorded with the fewest number of loggers. Recording
multiple appliances on the same logger had the advantage of being able to include
more test houses in the study but the individual energy consumption for each appliance
was lost. However, due to various specifics of the test houses, 61appliances in 20
product type groups were individually recorded. A summary of the energy use recorded
can be found in Table 5-15. The column titled “Sample Size” is the number of individual
appliances recorded with data loggers included with the product type group. The
“average recorded consumption” is the average energy consumption of all the individual
appliances recorded in the appliance group. Similar to Table 5-14, the “difference”
columns shows the difference between what was recorded and the published UEC data.
Two appliances stand out and are worth highlighting. First, is the energy consumption
from a dehumidifier. The energy consumption recorded greatly exceeds the published
UEC. Two things need to be considered with the dehumidifier’s energy consumption.
First, the sample size is only one so no conclusions should be drawn. The second
factor to consider is that in this house the dehumidifier was used to reduce allergies for
a small child. The dehumidifier was on for approximately 9 months a year, which is

147

unusual especially for colder climates. The second appliance worth highlighting is the
microwave. The microwave was recorded individually in 14 households. The average
energy use is 62kWh/year and is 112% less than the published UEC. What makes this
of particular interest is that over 95% of households own a microwave. These two
appliances are recommended to be investigated further in future studies.
Calculating MEL for Test Houses
The first step in validating the model with the test houses is to calculate the MEL
using the new model. The variables used in Model E are Income, Size of Home,
Household Members, Home Business, and Household Members squared. All of the
recorded characteristics of the 24 test houses are provided in Tables 5-12 and 5-13, but
the characteristics used in the model are summarized in Table 5-16. As mentioned
earlier the HERS index includes hot tubs with their MEL model. This study does not
recommend including hot tubs with the other residual MEL due to its high UEC and low
market saturation. However, for comparison purposes an additional “hot tub” coefficient
will be added to Model E so that it will have the same definition of MEL. The hot tub
variable is a simple dichotomous variable meaning that when a hot tub is present the
UEC of 2,040kWh/year will be added. Model E with the hot tub variable will be referred
to as the “New Model” in this study. The New Model is shown below:

(

)
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Using the equation shown above, the annual MEL for all 24 test houses was
calculated. The results can be seen in the column titled “Uncalibrated New Model”
shown in Table 5-16. The topic of calibration will be discussed later in this chapter.
The next step in validating the new model is to compare it with what the HERS
index model predicted and what the MEL actually was. The HERS model only uses the
square footage of a home to predict the MEL. The model multiplies the square footage
by .91kWh/year. The HERS predicted MEL for all 24 test houses can be found in Table
5-17. Table 5-17 also provides the new model predicted MEL and the actual MEL
monitored in the test houses. The columns titled “New Model to Actual” and “HERS
Model to Actual” provide the difference in what was predicted in the two models
compared to what the actual consumption was. The last column titled “Better Predictor”
indicates which of the two models more closely estimated the true MEL. Of the 24
homes monitored, the HERS model more accurately predicted the actual MEL 7 times
whereas the new model was more accurate 17 times. What is perhaps a better
indicator of the predictive power of the model is the standard deviation of the difference
between what the models predicted and the actual MEL. As mentioned earlier, the
standard deviation is the amount of deviation or “dispersion” from the mean. In other
words, how tight the observations (test house’s MEL) are from the mean (the models).
Of the 24 test houses, the standard deviation for the new model was 610kWh, which is
significantly less than the HERS models standard deviation of 1,060kWh.
Similarity in Test Homes Where the HERS Model was the Better Predictor
As mentioned above the HERS model predicted the MEL value better in 7 out of
the 24 test homes. Those seven homes were evaluated to determine if there were any
commonalities between them. No appreciable pattern of occupant characteristics was
149

found with the seven homes. Income, size of home, marital status, age and housing
type were all well distributed. The one significant pattern that was noticed was that the
HERS model tended to predict homes with smaller MEL consumption better than the
new model. Table 5-18 lists all of the test houses in order of MEL consumption in kWh.
Of the 10 homes with the lowest kWh MEL, the HERS model better predicts 7 of them.
This comparison suggests that the new model better predicts homes with larger MEL
consumption whereas the HERS model is more accurate for homes with smaller MEL
consumption.
Calibration of the New Model
An interesting trend that can be seen in Table 5-17 is that the new model tended
to overestimate the actual MEL. Of the 24 homes, the New Model overestimated the
actual MEL 17 times (71%). Because there is a fairly consistent pattern in the
overestimating of the MELs, there is an opportunity to “calibrate” the new model to
increase its predictive power. The energy modeling community generally limits the
percent a model can be calibrated to +/- 15% (ASHRAE, 2002; Srinivasan, 2011c). The
average difference between what the new model predicted from the actual was 155kWh
(see Table 5-17). Using this average, 155kWh was reduced from the new model’s
constant (y-intercept). In other words, the constant from the New Model equation 1,024
would be reduced to 869. The average predicted MEL for the test houses was 2,031,
so a calibration of 155kWh is 7.6% of the average and is well within energy modeling
standard practices. The “Calibrated New Model” equation is shown below:
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(

)

The results using the calibrated new model can be seen in Table 5-19. In the
table the formula above was used to calculate the predicted MEL and was compared
with the HERS model and the actual MEL of the 24 test houses. The calibrated new
model predicted the MEL better than the HERS model for 19 of the test houses (79%).
The calibrated model predicted the energy consumption of two more houses than the
uncalibrated model.
Statistical Review of Calibrated New Model
In addition to testing if the calibrated new model was a better predictor of MEL as
the HERS model, the data collected from the test houses was also used to statistically
validate the model’s equation. As discussed earlier, a “confidence interval” is the mean
or the model’s predicted value plus or minus the margin of error. To be specific to this
study the confidence interval is what the new model predicts the MEL to be plus or
minus the margin of error (857kWh) given a 95% confidence level. The data collected
from the test houses mirror what was expected very closely (Table 5-20). Of the 24 test
houses where the true MEL was known, 23 of them (95.8%) were within the confidence
interval. The MEL of test house MV6 was outside of the confidence interval. Having
one test house (4.2% of the sample) outside the confidence interval was very possible
given the confidence level of 95%. It is interesting to note that although MV6 was
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outside the confidence level, the new model was still a better predictor than the HERS
model.
Test Homes with Highest Deviation from Calibrated New Model
As discussed earlier, the HERS model tended to predict lower MEL values better
than the new model. However, it is worth discussing the deviation of the six homes with
the highest deviation. Table 5-21 shows the six test homes with the highest deviation.
The upper portion of the chart indicates the four test houses with the highest
“underestimates” from the new model. What is interesting is that each of these four
houses all had one unusual appliance with a high UEC that skewed their MEL higher
than the average household and what the model predicted. The test house with the
highest deviation from the model and the only test house which exceeded the margin of
error was test house MV6. MV6 was a single family house with two retired
householders. The home was fairly unremarkable with the exception that as a hobby
one of the householders was an amateur meteorologist. In the home there was a
computer server that serviced a website to publish local weather conditions. The
weather station computer server was accompanied by two monitors, a battery backup,
two surge protectors, and various other small accessories. These appliances were in
the on mode 24 hours a day. The annual energy consumption of the weather system
was 1,063kWh annually. If this system was not in use the new model still would have
predicted the energy consumption more closely than the HERS model and the actual
MEL would have been within the confidence interval. The next three test houses where
the model underestimated the energy use had similar situations where a single
uncommon appliance skewed the energy consumption. Test house MV12 had a large
turtle tank with a heat lamp, MV09 had a dehumidifier, and MV14 had a computer
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server. Each of these appliances is fairly uncommon but has large energy
consumptions. There were two homes that the new model significantly overestimated
energy consumption. Although it is difficult to say exactly which appliances these
homes “didn’t have,” they both have some fairly similar demographics. Both
householders were younger than 30 years old, were renters, and had incomes less than
20K. Another interesting characteristic is that both households were energy conscious
and unplugged appliances when they were not in use.
In the paragraph titled “Improved Standard Deviation Using the New Model” a
comparison was made between the estimated MEL of the RECS respondents (n =
12,083) using the HERS model and model E (including hot tubs). A similar comparison
was done using the calibrated new model. The only difference between model E
(including hot tubs) and the calibrated new model is the constant number (y-intercept).
The calibration reduced the constant by 155kWh. The difference in average MELs for
all respondents using both models is 341kWh or about 17.2% (Table 5-22). The more
significant statistic that this table shows is the standard deviation. The standard
deviation of the MEL as predicted by the HERS index is 1,323kWh, whereas with the
calibrated new model is only 598kWh. (The standard deviations for the new model and
the calibrated new model are the same because only the constant was adjusted.) What
this reduced standard deviation means is that the calibrated new model can predict the
MEL of individual homes better than the HERS model by 54.8%.
Chapter Summary
This study takes a unique approach to modeling MELs as square foot area is
being supplemented with characteristics of the occupant to more accurately predict MEL
intensity. A regression equation called the “new model” was created which had a high
153

statistical significance due to the large sample size of the RECS. The new model was
then tested on 24 actual homes. Of the 24 homes, the new model predicted the MEL
better than the HERS model 19 times. Additionally, the HERS model and the new
model were used to estimate the MEL of all of the 12,083 RECS respondents. The
average energy consumption for all RECS respondents using both models was
relatively close. What is significantly more important is the standard deviation of the
predicted MELs. The standard deviation of the HERS model was twice that of the new
model. What this means is that while the new model and HERS model explanatory
power for entire populations is very close, the new model is more likely to predict the
true MEL of individual homes by 54.8%.
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Table 5-1. Appliances not included in RECS model but added to new model
Original
Market
Energy
Source of
Appliance
Inclusion UEC Saturation (kWh/yr)
Information
Security
System
NEW
61
0.24
14.3 Roth et al., 2008b
CO
Detector
NEW
18
0.26
4.7 Hendron & Engebrecht, 2009
Smoke
Detector
NEW
4
0.84
3.4 Hendron & Engebrecht, 2009
Trash
Compactor
NEW
50
0.01
0.5 Hendron & Engebrecht, 2009
Roth et al., 2008b;
Lawn Mower
Market saturation from
(electric)
NEW
100
0.05
5.0 2009 California RASS
Kiln
NEW
50
0.02
1.0 Roth et al., 2008b
Pipe/Gutter
Heaters
NEW
53
0.01
0.5 Roth et al., 2008b
Water Bed
NEW
1096
0.02
25.2 Roth et al., 2008b
Iron
NEW
53
0.92
48.9 Roth et al., 2008b
Roth et al., 2008b;
Saturation from
Baby Monitor
NEW
18
0.10
1.8 Hendron & Engebrecht, 2009
Hair Dryer
NEW
42
0.86
36.1 Roth et al., 2008b
McMahon & Nordman, 2004;
Saturation from Porter et al.,
Night Light
NEW
8
2.00
16.0 2006
Tooth Brush
NEW
12
0.06
0.7 Roth et al., 2008b
Saturation from 2009
California RASS;
UEC from Roth et al., 2008b.
Image
Standby from
Scanner
NEW
138
0.14
19.3 Hendron & Engebrecht, 2009
Irrigation
Time
NEW
45
0.05
2.3 Hendron & Engebrecht, 2009
Aquarium (520 gal)
NEW
105
0.02
2.5 Roth et al., 2008b
Marine
Aquarium (520 gal)
NEW
245
0.00
.6 Roth et al., 2008b
Total
183
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Table 5-2. Occupant characteristics reviewed for significance
Independent
Independent Variable
Variable Type
Notes
Year Home Constructed
Quantitative - Discrete
Type of Housing Unit
Categorical - Nominal
Average temperatures
AIA Climate Zone
Categorical - Nominal
from 1971 - 2000
Building America
Climate Region
Categorical - Nominal
Urban vs. Rural
Based on US Census
Classification
Categorical - Nominal
Classification
Unit of Measure =
Size of Home
Quantitative - Discrete
square footage
Number of Bedrooms
Quantitative - Discrete
Number of Total Rooms
Quantitative - Discrete
Level of Education
Categorical - Ordinal
Number of
Household Members
Quantitative - Discrete
Marital Status
Categorical - Nominal
Age of Householder
Quantitative - Discrete
Number of Children
in Household
Quantitative - Discrete
Home Business
Categorical - Nominal
Householder Home
During Weekday
Categorical - Nominal
Householder
Retirement Status
Categorical - Nominal
Income provided in
Income
Quantitative - Discrete
ranges of 5K
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Table 5-3. Descriptive statistics of independent variables

Stand
Dev
516.7

Range
4,205
4

Min
680
1

Max
4,885
5

Mean
1,678
3

4

1

5

3

Categorical

4

1

5

Categorical

1
89

0
1920

1
2009

3
80%
Urban
1971

Categorical
24.8
616

7

1

8

4.0

Categorical

16,022
3
8

100
0
0

16,122
3
8

2,172
0.8
3.4

1,453 2.11E+06
Categorical
Categorical

13
1

1
0

14
1

2.7
0.6

1.5

2.30
Categorical

57%

69

16

85

50

16.7

279.63

34%

11

0

11

1.1

1.29

153%

Home
Business****

1

0

1

At Home
During
Day****

1

0

1

1
10%
Home
Bus
60%
Home
During
Day
30%
Retired
58.3K

MEL *
House Type
AIA Zone by
CDD and HDD
BA Climate
Region
Urban /
Rural***
Year Made
Year Made
Range
Size of
Home**
Size of Garage
Education
Household
Members
Marital Status
Householder
Age
No. of
Children

Retired****
1
0
1
Income
147.5K 2.5K
150K
* Does not include Hot Tubs.
** Size provided in Square Feet
***Urban = 0, Rural = 1
****Negative Response = 0, Affirmative Response = 1
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Variance
267,017
Categorical

SD
/
Mean
31%

1%

67%

Categorical

Categorical
Categorical
43.3K 1.87E+09

74%

Table 5-4. ANOVA table for all independent variables
ANOVA*
Sum of Squares

df

Type of Home
Regression (model)
Residual (error)
Total

364,123,446
4
2,861,984,241 12,078
3,226,107,687 12,082

AIA Climate Zone
Regression (model)
Residual (error)
Total

9,881,466
4
3,216,226,221 12,078
3,226,107,687 12,082

Mean Square

F

91,030,862 384
236,958

Sig.
(p-value)
.000

2,470,366
266,288

9

.000

AIA Climate Zone (squared)
Regression (model)
9,881,466
4
Residual (error)
3,216,226,221 12,078
Total
3,226,107,687 12,082

2,470,366
266,288

9

.000

BA Climate Region
Regression (model)
Residual (error)
Total

9,007,555
4
3,217,100,132 12,078
3,226,107,687 12,082

2,251,889
266,360

8

.000

Urban / Rural
Regression (model)
Residual (error)
Total

23,865,500
1
3,202,242,187 12,081
3,226,107,687 12,082

23,865,500
265,064

90

.000

Year Home Built
Regression (model)
Residual (error)
Total

140,170,780
89
3,085,936,907 11,993
3,226,107,687 12,082

1,574,953
257,312

6

.000

9,426,143
261,708

36

.000

402,184
206,066

2

.000

Year Home Built (range)
Regression (model)
65,983,002
7
Residual (error)
3,160,124,685 12,075
Total
3,226,107,687 12,082
Size of Home
Regression (model)
Residual (error)
Total

1,510,199,261 3,755
1,715,908,426 8,327
3,226,107,687 12,082
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Table 5-4. Continued
ANOVA*
Sum of Squares

df

Mean Square

Sig.
(p-value)
562
.000
F

Regression (model)
Residual (error)
Total

395,176,574
3
2,830,931,113 12,079
3,226,107,687 12,082

131,725,525
234,368

Education
Regression (model)
Residual (error)
Total

266,956,376
8
2,959,151,310 12,074
3,226,107,687 12,082

33,369,547
245,085

136

.000

Number of Household Members
Regression (model)
323,627,758
12
Residual (error)
2,902,479,929 12,070
Total
3,226,107,687 12,082

26,968,980
240,471

112

.000

Number of Household Members (squared)
Regression (model)
323,627,758
12
Residual (error)
2,902,479,929 12,070
Total
3,226,107,687 12,082

26,968,980
240,471

112

.000

309,154,029 1,280
241,450

.000

Marital Status
Regression (model)
Residual (error)
Total

309,154,029
1
2,916,953,658 12,081
3,226,107,687 12,082

Householder Age
Regression (model)
Residual (error)
Total

184,105,234
68
3,042,002,452 12,014
3,226,107,687 12,082

2,707,430
253,205

11

.000

Householder Age (squared)
Regression (model)
184,105,234
68
Residual (error)
3,042,002,452 12,014
Total
3,226,107,687 12,082

2,707,430
253,205

11

.000

Number of Children
Regression (model)
Residual (error)
Total

9,297,573
258,788

36

.000

102,273,299
11
3,123,834,388 12,071
3,226,107,687 12,082
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Table 5-4. Continued
ANOVA
Sum of Squares

df

Mean Square

F

Sig.
(p-value)

Number of Children (squared)
Regression (model)
102,273,299
Residual (error)
3,123,834,388
Total
3,226,107,687

11
12,071
12,082

Home Business
Regression (model)
Residual (error)
Total

125,836,932
3,100,270,755
3,226,107,687

1
12,081
12,082

Home During Day
Regression (model)
Residual (error)
Total

21,605,041
3,204,502,646
3,226,107,687

1
12,081
12,082

21,605,041
265,251

81

.000

Retired
Regression (model)
Residual (error)
Total

14,240,336
3,211,867,350
3,226,107,687

1
12,081
12,082

14,240,336
265,861

54

.000

9,297,573
258,788

36

.000

125,836,932 490
256,624

.000

Income (grouped by 40K for income estimation purposes)
Regression (model)
570,003,803
3
190,001,268 864
Residual (error)
2,656,103,884 12,079
219,894
Total
3,226,107,687 12,082
Income (grouped by 5K)
Regression (model)
631,903,761
Residual (error)
2,594,203,926
Total
3,226,107,687

23
12,059
12,082

27,474,077 128
215,126

.000

.000

* Dependent Variable Miscellaneous Electrical Load (no hot tub)

Table 5-5. Comparison of housing type with size and income
Size in Sqft
Average Income
Mobile Homes
1,000
Single Family Detached
2,700
Single Family Attached
1,900
Apartment (2-4 units)
1,100
Apartments (5+ units)
900
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32K
67K
57K
37K
38K

Table 5-6. Independent variables in stepwise regression model in order of highest to
lowest explanatory power
Independent
Variables
Description
1
Income
2
Sqft of Home
3
# of Household Members
4
Home Business
# of Household Members
5
(squared)
6
Size of Garage
7
Education
8
House Type
9
At Home During Day
10
No. of Children
11
House Holder AGE(squared)
12
Householder Age
13
Year Made
14
Marital Status
15
Retired
16
AIA Zone by CDD and HDD
AIA Zone by CDD and HDD
17
(squared)
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Table 5-7. Model summary
Margin of
Error @ 95%
(kWh)
917
884
872
863
857
852
849
845
842
842
841

Model
A
B
C
D
E
F
G
H
I
J
K

R
0.424
0.489
0.509
0.523
0.534
0.541
0.546
0.551
0.555
0.557
0.558

R Square
0.180
0.239
0.259
0.274
0.285
0.293
0.298
0.304
0.309
0.310
0.312

R Square
Change
0.180
0.059
0.020
0.014
0.011
0.008
0.005
0.006
0.005
0.002
0.002

L

0.564

0.318

0.006

837

M

0.565

0.319

0.001

836

N

0.565

0.320

0.000

836

O

0.566

0.320

0.000

836

P

0.566

0.320

0.000

836

R

0.566

0.321

0.000

835
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Independent Variable
(see table 5-6)
1
1,2
1,2,3
1,2,3,4
1,2,3,4,5
1,2,3,4,5,6
1,2,3,4,5,6,7
1,2,3,4,5,6,7,8
1,2,3,4,5,6,7,8,9
1,2,3,4,5,6,7,8,9,10
1,2,3,4,5,6,7,8,9,10,11
1,2,3,4,5,6,7,8,9,10,11,
12
1,2,3,4,5,6,7,8,9,10,11,
12,13
1,2,3,4,5,6,7,8,9,10,11,
12,13,14
1,2,3,4,5,6,7,8,9,10,11,
12,13,14,15
1,2,3,4,5,6,7,8,9,10,11,
12,13,14,15,16
1,2,3,4,5,6,7,8,9,10,11,
12,13,14,15,16,17

Table 5-8. ANOVA table for models A – E
ANOVA*
Sum of Squares

df

Model A
Regression (model)
Residual (error)
Total

631,903,761
23
2,594,203,926 12,059
3,226,107,687 12,082

Model B
Regression (model)
Residual (error)
Total

Mean Square
27,474,077
215,126

F

Sig.
(p-value)

128

.000

580,878,112
1
2,645,229,575 12,081
3,226,107,687 12,082

580,878,112 2,653
218,958

.000

Model C
Regression (model)
Residual (error)
Total

769,927,519
2
2,456,180,168 12,080
3,226,107,687 12,082

384,963,760 1,893
203,326

.000

Model D
Regression (model)
Residual (error)
Total

835,852,700
3
2,390,254,987 12,079
3,226,107,687 12,082

278,617,567 1,408
197,885

.000

Model E
Regression (model)
Residual (error)
Total

882,536,473
4
2,343,571,214 12,078
3,226,107,687 12,082

220,634,118 1,137
194,036

.000

* Dependent Variable Miscellaneous Electrical Load (no hot tub)
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Table 5-9. Multicollinearity diagnostic
Multicollinearity Diagnostic
Independent Variable /
Model
Dimensions
Tolerance
A
Income
1.000
B
Income
0.787
Sqft of Home
0.787
C
Income
0.779
Sqft of Home
0.777
Household Members
0.957
D
Income
0.775
Sqft of Home
0.771
Household Members
0.957
Home Business
0.975
E
Income
0.764
Sqft of Home
0.770
Household Members
0.112
Home Business
0.975
Household Members (squared)
0.114
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VIF
1.000
1.270
1.270
1.283
1.287
1.045
1.290
1.297
1.045
1.025
1.309
1.298
8.968
1.026
8.772

Condition
Index
3.027
3.649
3.991
3.493
4.390
5.376
2.032
3.573
4.479
5.485
2.157
2.668
4.592
4.955
15.415

Table 5-10. Coefficients of models A – E

Model
A

IV#
1

B
1
2
C
1
2
3
D
1
2
3
4
E
1
2
3
4
5

Constants and Coefficients
(Constant)
Income
(Constant)
Income
Sqft of Home
(Constant)
Income
Sqft of Home
Household Members
(Constant)
Income
Sqft of Home
Household Members
Home Business
(Constant)
Income
Sqft of Home
Household Members
Home Business
Household Members (squared)

Values
1382
0.0051
1259
0.0036
0.0970
1153
0.0034
0.0903
50
1152
0.0033
0.0860
49
226
1024
0.0031
0.0846
151
221
-14

Model Margin
of Error @ 95%
(kWh)
917
884

872

863

857

Table 5-11. Estimation of the MEL of the RECS respondents using the HERS and new
model
Calculated
HERS New
RECS
Sample
Model Model Difference Difference
MEL
(kWh)
(n)
(kWh) (kWh)
(kWh)
(%)
1,795 1,977 1,792
Model Average*
12,083
-185
-9.4%
Standard
Deviation
1,323
598
-725
-54.8%
* Hot tubs included in model values
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Table 5-12. Survey results: house characteristics
Type
Urban
Size
Bed
Total
ID#
of Home*
/Rural (sqft) rooms Baths Rooms
MV01
SFD
U 2,700
5
2
14
MV02
SFD
U 2,200
4
2
13
MV03
SFD
U 2,489
5
2
14
MV04
SFA
U 1,148
2
2
6
MV05
SFD
U 2,008
4
2
9
MV06
SFD
U 1,524
3
2
9
MV07
SFD
U 1,481
3
2
8
MV08
SFD
U 1,714
3
2
9
MV09
SFD
U 1,118
3
2
7
MV10
Apartment
U 1,200
2
2
7
MV11
SFD
U 1,860
3
2
9
MV12
SFD
U 1,734
3
2
9
MV13
SFD
R 2,955
5
5
15
MV14
SFD
U 3,697
5
5
15
MV15
SFD
U 1,152
3
1
6
MV16
Townhouse
U 1,420
2
2
6
MV17
SFD
U 2,130
3
2
10
MV18
SFD
U 1,040
3
2
8
MV19
SFD
U 2,834
3
3
11
MV20
Mobile Home
R 1,728
3
2
8
MV21
SFD
U 2,707
5
3
12
MV22
SFD
U 1,452
2
1
6
MV23
SFD
U 1,902
4
2
10
MV24
SFD
U 2,531
4
3
11
* SFD = Single Family Detached; SFA = Single Family Attached
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Garage
None
2 Car
2 Car
1 Car
2 Car
1 Car
1 Car
None
None
None
2 Car
2 Car
2 Car
3 Car
None
1 Car
2 Car
1 Car
3 Car
None
2 Car
1 Car
2 Car
2 Car

Own
/Rent
Rent
Rent
Own
Own
Own
Own
Own
Own
Own
Rent
Own
Own
Own
Own
Own
Own
Own
Own
Own
Rent
Rent
Own
Rent
Own

Table 5-13. Survey results: occupant characteristics
Home
HH
Home
During
ID#
Mem Married
Busin
day
Education
MV01
5 Married
No
Yes
Masters
MV02
3 Married
Yes
Yes
Bachelors
MV03
7 Married
No
Yes
Masters
MV04
1
Single
No
Yes
Bachelors
MV05
2 Married
No
No
Masters
MV06
2 Married
No
Yes
Associates
MV07
4 Married
No
No
Bachelors
MV08
3 Married
No
No
Masters
MV09
4 Married
No
No
Masters
MV10
2 Married
No
No
Bachelors
MV11
2 Married
No
Yes
Masters
MV12
2 Married
No
No
Bachelors
MV13
5 Married
Yes
Yes
Associates
MV14
3 Married
Yes
Yes
Ph.D.
MV15
5 Married
No
Yes
Bachelors
MV16
1
Single
No
No
Ph.D.
MV17
3 Married
No
No Professional
MV18
5 Married
No
Yes
Masters
MV19
4 Married
No
No
Masters
MV20
1
Single
No
Yes
Masters
MV21
6 Married
No
No
Masters
MV22
3 Married
No
Yes
Ph.D.
MV23
3 Married
No
Yes
Bachelors
MV24
5 Married
No
Yes
Masters
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Income
Range
80K - 119K
120K+
40K - 79K
<40K
80K - 119K
80K - 119K
80K - 119K
80K - 119K
40K - 79K
<40K
80K - 119K
80K - 119K
80K - 119K
80K - 119K
40K - 79K
40K - 79K
80K - 119K
<40K
120K+
<40K
120K+
80K - 119K
40K - 79K
40K - 79K

Estimated
Income
$101,677
$141,637
$59,064
$12,323
$100,399
$99,114
$98,546
$100,122
$57,775
$15,336
$99,631
$99,412
$102,343
$104,700
$57,078
$57,181
$102,498
$16,543
$143,590
$14,225
$142,843
$101,962
$58,411
$59,103

Table 5-14. Comparison between averaged recorded energy consumption and
published UEC.
Recorded with Published Difference Difference
Data Logger
UEC
(kWh)
(%)
Cumulative Energy Use from
Data Loggers (kWh)
13,851
13,933
82
0.6%
Average Difference
from Recorded to Published
119%
Median Difference
from Recorded to Published
20%
Data Logging Events (2 week
periods)*
140
Appliances Recorded*
271
* Uncommon appliances recorded without published UEC not
included

Table 5-15. Comparison between energy use of individual appliances and published
UEC.
Sample
Average
Size
Recorded
Published Difference Difference
(n)
Consumption
UEC
(kWh)
(%)
Toaster Oven
2
34
33
-1
-3%
Noise Maker
3
8
7
-1
-9%
Laptop
2
59
72
13
22%
Cable Set Top Box
1
173
133
-40
-23%
Cell Phone Charger
1
3
4
1
25%
Garage Door
2
41
30
-11
-27%
Coffee Maker
7
89
59
-30
-34%
DVD/VCR Combo
1
113
50
-63
-56%
Electric Kettle
1
197
75
-122
-62%
Clock Radio
3
24
9
-15
-62%
Dehumidifier
1
1,244
400
-844
-68%
Phone with
Integrated
Answering Machine
2
18
31
13
72%
Radio
5
36
9
-27
-75%
TV Converter Box
1
29
4
-24
-85%
Toaster
8
21
39
18
86%
Digital Picture Frame
1
47
88
41
88%
Fan
4
82
8
-74
-90%
Microwave
14
62
131
69
112%
Phone
1
12
26
14
123%
Iron
1
2
53
51
2,339%
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Table 5-16. Calculated MEL using new MEL model

ID#
MV01
MV02
MV03
MV04
MV05
MV06
MV07
MV08
MV09
MV10
MV11
MV12
MV13
MV14
MV15
MV16
MV17
MV18
MV19
MV20
MV21
MV22
MV23
MV24

Estimated
HH
Home
HH Mem
Income Size (sqft) Mem Business Squared Hot Tub
101,677
2,700
5
No
25
No
141,637
2,200
3
Yes
9
No
59,064
2,489
7
No
49
No
12,323
1,148
1
No
1
No
100,399
2,008
2
No
4
No
99,114
1,524
2
No
4
No
98,546
1,481
4
No
16
No
100,122
1,714
3
No
9
No
57,775
1,118
4
No
16
No
15,336
1,200
2
No
4
No
99,631
1,860
2
No
4
No
99,412
1,734
2
No
4
Yes
102,343
2,955
5
Yes
25
Yes
104,700
3,697
3
Yes
9
Yes
57,078
1,152
5
No
25
No
57,181
1,420
1
No
1
No
102,498
2,130
3
No
9
No
16,543
1,040
5
No
25
No
143,590
2,834
4
No
16
No
14,225
1,728
1
No
1
No
142,843
2,707
6
No
36
No
101,962
1,452
3
No
9
No
58,411
1,902
3
No
9
No
59,103
2,531
5
No
25
No
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Uncalibrated
New Model
(kWh)
1,965
2,185
1,785
1,296
1,743
1,698
1,827
1,798
1,674
1,419
1,728
3,757
4,250
4,242
1,700
1,454
1,841
1,569
2,077
1,351
2,086
1,782
1,689
1,823

Table 5-17. New model and HERS model comparison with actual MEL from test
houses
Actual
New
Uncalibrated
HERS
Test
Model
HERS
New Model
Model Home MEL to Actual to Actual
Better
ID#
(kWh)
(kWh)
(kWh)
(kWh)
(kWh)
Predictor
MV01
1,965
2,457
1,909
56
548 New Model
MV02
2,185
2,002
2,465
-279
-463 New Model
MV03
1,785
2,265
1,663
123
602 New Model
MV04
1,296
1,045
1,067
229
-22
HERS
MV05
1,743
1,827
1,028
715
800 New Model
MV06
1,698
1,387
3,426
-1,728
-2,039 New Model
MV07
1,827
1,348
2,199
-372
-852 New Model
MV08
1,798
1,560
1,183
615
377
HERS
MV09
1,674
1,017
2,166
-492
-1,148 New Model
MV10
1,419
1,092
516
903
576
HERS
MV11
1,728
1,693
1,179
549
514
HERS
MV12
3,757
1,578
4,394
-637
-2,816 New Model
MV13
4,250
2,689
4,567
-318
-1,878 New Model
MV14
4,242
3,364
4,684
-443
-1,320 New Model
MV15
1,700
1,048
1,375
324
-327 New Model
MV16
1,454
1,292
935
519
357
HERS
MV17
1,841
1,938
1,198
643
740 New Model
MV18
1,569
946
1,223
346
-276
HERS
MV19
2,077
2,579
2,006
71
573 New Model
MV20
1,351
1,572
447
904
1,125 New Model
MV21
2,086
2,463
1,336
750
1,128 New Model
MV22
1,782
1,321
1,096
685
225
HERS
MV23
1,689
1,731
1,442
247
288 New Model
MV24
1,823
2,303
1,523
300
780 New Model
17NM /
Average
2,031
1,772
1,876
155
-105
7HERS
Standard Deviation
610
1,060
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Table 5-18. New Model in order of MEL magnitude
Uncalibrated
HERS
New Model
Model
Order
ID#
(kWh)
(kWh)
1
MV20
1,351
1,572
2
MV10
1,419
1,092
3
MV16
1,454
1,292
4
MV05
1,743
1,827
5
MV04
1,296
1,045
6
MV22
1,782
1,321
7
MV11
1,728
1,693
8
MV08
1,798
1,560
9
MV17
1,841
1,938
10
MV18
1,569
946
11
MV21
2,086
2,463
12
MV15
1,700
1,048
13
MV23
1,689
1,731
14
MV24
1,823
2,303
15
MV03
1,785
2,265
16
MV01
1,965
2,457
17
MV19
2,077
2,579
18
MV09
1,674
1,017
19
MV07
1,827
1,348
20
MV02
2,185
2,002
21
MV06
1,698
1,387
22
MV12
3,757
1,578
23
MV13
4,250
2,689
24
MV14
4,242
3,364
Average
2,031
1,772
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Actual Test
Home MEL
(kWh)
447
516
935
1,028
1,067
1,096
1,179
1,183
1,198
1,223
1,336
1,375
1,442
1,523
1,663
1,909
2,006
2,166
2,199
2,465
3,426
4,394
4,567
4,684
1,876

Better
Predictor
New Model
HERS
HERS
New Model
HERS
HERS
HERS
HERS
New Model
HERS
New Model
New Model
New Model
New Model
New Model
New Model
New Model
New Model
New Model
New Model
New Model
New Model
New Model
New Model
17NM / 7HERS

Table 5-19. Calibrated new model and HERS model comparison with actual MEL from
test houses
Actual
New
HERS
Calibrated
HERS
Test
Model
to
New Model
Model
Home MEL
to Actual Actual
Better
ID#
(kWh)
(kWh)
(kWh)
(kWh)
(kWh)
Predictor
MV01
1,810
2,457
1,909
-99
548 New Model
MV02
2,030
2,002
2,465
-434
-463 New Model
MV03
1,630
2,265
1,663
-32
602 New Model
MV04
1,141
1,045
1,067
74
-22
HERS
MV05
1,588
1,827
1,028
560
800 New Model
MV06
1,543
1,387
3,426
-1,883 -2,039 New Model
MV07
1,672
1,348
2,199
-527
-852 New Model
MV08
1,643
1,560
1,183
460
377
HERS
MV09
1,519
1,017
2,166
-647 -1,148 New Model
MV10
1,264
1,092
516
748
576
HERS
MV11
1,573
1,693
1,179
394
514 New Model
MV12
3,602
1,578
4,394
-792 -2,816 New Model
MV13
4,095
2,689
4,567
-473 -1,878 New Model
MV14
4,087
3,364
4,684
-598 -1,320 New Model
MV15
1,545
1,048
1,375
169
-327 New Model
MV16
1,299
1,292
935
364
357
HERS
MV17
1,686
1,938
1,198
488
740 New Model
MV18
1,414
946
1,223
191
-276 New Model
MV19
1,922
2,579
2,006
-84
573 New Model
MV20
1,196
1,572
447
749 1,125 New Model
MV21
1,931
2,463
1,336
595 1,128 New Model
MV22
1,627
1,321
1,096
530
225
HERS
MV23
1,534
1,731
1,442
92
288 New Model
MV24
1,668
2,303
1,523
145
780 New Model
19NM /
Average
1,876
1,772
1,876
0
-105
5HERS
Standard Deviation
610 1,060
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Table 5-20. Confidence interval for calibrated new model and test houses
Calibrated
Actual Test Actual Within
New Model
Confidence
Home MEL Confidence
Better
ID#
(kWh)
Interval*
(kWh)
Interval
Predictor
MV01
1,810
(953 - 2,667)
1,909
Yes New Model
MV02
2,030 (1,173 - 2,887)
2,465
Yes New Model
MV03
1,630
(773 - 2,487)
1,663
Yes New Model
MV04
1,141
(284 - 1,998)
1,067
Yes
HERS
MV05
1,588
(731 - 2,445)
1,028
Yes New Model
MV06
1,543
(686 - 2,400)
3,426
No
New Model
MV07
1,672
(815 - 2,529)
2,199
Yes New Model
MV08
1,643
(786 - 2,500)
1,183
Yes
HERS
MV09
1,519
(662 - 2,376)
2,166
Yes New Model
MV10
1,264
(407 - 2,121)
516
Yes
HERS
MV11
1,573
(716 - 2,430)
1,179
Yes New Model
MV12
3,602 (2,745 - 4,459)
4,394
Yes New Model
MV13
4,095 (3,238 - 4,952)
4,567
Yes New Model
MV14
4,087 (3,230 - 4,944)
4,684
Yes New Model
MV15
1,545
(688 - 2,402)
1,375
Yes New Model
MV16
1,299
(442 - 2,156)
935
Yes
HERS
MV17
1,686
(829 - 2,543)
1,198
Yes New Model
MV18
1,414
(557 - 2,271)
1,223
Yes New Model
MV19
1,922 (1,065 - 2,779)
2,006
Yes New Model
MV20
1,196
(339 - 2,053)
447
Yes New Model
MV21
1,931 (1,074 - 2,788)
1,336
Yes New Model
MV22
1,627
(770 - 2,484)
1,096
Yes
HERS
MV23
1,534
(677 - 2,391)
1,442
Yes New Model
MV24
1,668
(811 - 2,525)
1,523
Yes New Model
* Margin of Error at 95% Confidence is 857kWh
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Table 5-21. Six test house with highest deviation from model
Actual
Calibrated
Test
New
New
Home
Model
Model
MEL
to Actual
Better
ID#
(kWh)
(kWh)
(kWh)
Predictor
Notes
Underestimated
MV06
1,543
3,426
-1,883 New Model Weather Station Server
MV12
3,602
4,394
-792 New Model Large Turtle Tank with Lamp
MV09
1,519
2,166
-647 New Model Dehumidifier
MV14
4,087
4,684
-598 New Model Computer Server
Overestimated
MV10
1,264
516
748
HERS Newly married couple
in rental
MV20
1,196
447
749 New Model Single, young college grade,
income <15K

Table 5-22. Estimation of the MEL of the RECS respondents using the HERS and
calibrated new model
Calculated
Calibrated
RECS
HERS
New
Sample
MEL
Model
Model
Difference Difference
(n)
(kWh)
(kWh)
(kWh)
(kWh)
(%)
Model
Average*
12,083
1,795
1,977
1,636
-341
-17.2%
Standard
Deviation
1,323
598
-725
-54.8%
* Hot tubs included in model values
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Figure 5-1. Breakdown of calculated MEL for all RECS respondents by percentage
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Year Home Built
2100
2000

MEL kWh

1900
1800
1700
1600
1500
1400
Before
1950

1950 1959

1960 1969

1970 1979

1980 1989

1990 1999

2000 2004

2005 2009

Figure 5-2. Comparison between the age of the home and MEL

Figure 5-3. Distribution of MEL standardized residuals
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Figure 5-4. Homogeneity of variances for all predicted MEL values
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Housing Type
2500

MEL kWh

2000
1500
1000
500
0
Mobile
Homes

Single Family Single Family Apartment (2- Apartments
Detached
Attached
4 units)
(5+ units)

Figure 5-5. Comparison between the type of home and MEL

AIA Climate Zone
1900

MEL kWh

1850
1800
1750
1700
1650

Figure 5-6. Comparison between AIA climate zone and MEL
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Building America Climate Regions
1900

MEL kWh

1850
1800
1750
1700
1650

Figure 5-7. Comparison between Building America climate region and MEL

Home Size (sqft)
2500

MEL kWh

2000
1500
1000
500
0
<500

500 - 999 1,000 1,499

1,500 1,999

2,000 2,499

2,500 2,999

Figure 5-8. Comparison between home size and MEL
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3,000+

MEL kWh

Comparison of Household Size and Individual
MEL Appliances
350
300
250
200
150
100
50
0

TV Set Top Boxes
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Computer
Computer
Well Pump
<500

500 999
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Computer
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116
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201

Well Pump

2

7
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20
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Rechargeable
Electronics

23

33
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56

64

69
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Rechargeable
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Spa
TV Set Top Boxes
Computer
Monitor
Cable/DSL Modem

Spa

0

10

40

100

142

152

265

TV Set Top Boxes

98

156
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252
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Computer Monitor

14
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40

44

48

Home Theater

Cable/DSL Modem

17

25

31

36

39

40

44

TV Peripherals
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6

12

15

21
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27

32

TV Peripherals

28

42

55

63

63

67

74

Wireless Router

12

17

21
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27
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Copier

Copier

11

12

21

29

32

34

49

Humidifier

Humidifier

4

7

11

14

16

21

24

Wireless Router

Home Size (sqft)

Figure 5-9. Comparison between home size and individual MEL appliances.
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Total Number of Rooms in Home
3500
3000

MEL kWh

2500
2000
1500
1000
500
0
<5

5-7

8 - 10

11 - 13

14 - 16'

17+

Figure 5-10. Comparison between the total number of rooms in the home and MEL

Number of Bedrooms in Home
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2500
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1500
1000
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4BR
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Figure 5-11. Comparison between number of bedrooms in the home and MEL
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Members in Household
7

Number of Household Members

6
5
4
Members in
Household

3
2
1
0

Figure 5-12. Comparison between number of bedrooms in household and household
members
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Household Members Living in Home
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MEL kWh
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1500
1000
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0
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Figure 5-13. Comparison between number of people in the household and MEL

Households with Home Business
2500

MEL kWh

2000
1500
1000
500
0
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Figure 5-14. Comparison between households with home business and MEL
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Education Level
2500
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2000
1500
1000
500
0

Figure 5-15. Comparison between the householder’s education level and MEL

Marital Status
2500

MEL kWh

2000
1500
1000
500
0
Married

Not Married

Figure 5-16. Comparison between marital status and MEL

184

Age of Householder (years)
2500

MEL kWh

2000
1500
1000
500
0
<30

30 - 39
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60 - 69

70+

Figure 5-17. Comparison between the age of the householder and MEL

Number of Children in Home
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Figure 5-18. Comparison between the number of children in the household and MEL
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Home During Day
1860
1840

MEL kWh

1820
1800
1780
1760
1740
1720
1700
1680
At Home During Weekday

Not At Home During Weekday

Figure 5-19. Comparison between households with members home during weekdays
and MEL

Retirement Status
1840
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MEL kWh

1800
1780
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1740
1720
1700
Not Retired

Retired

Figure 5-20. Comparison between the householders retirement status and MEL
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CHAPTER 6
WHOLE-HOUSE SWITCH
Overview
Over the past 30 years, the intensity of all major energy-use categories has
decreased in the residential market, with the exception of miscellaneous electrical loads
(MELs). MELs stand alone as the single category in which energy intensity has steadily
increased over time (EIA, 2011; Nordman and Sanchez, 2006; Parker et al., 2011;
KEMA, 2010). Additionally, according to a report commissioned by the US Department
of Energy, MELs will grow to 36% of the energy used in code-compliant homes by 2020
(Roth et al., 2008b). Therefore, the reduction of MELs is a key area of research for
national energy reduction and for achieving zero-net-energy homes.
Current practices for reducing MELs fall into the two general categories of
technical or behavioral (Mohanty, 2001). Perhaps the most obvious of the technical
improvements is from increased energy efficiency from advances in technology. Old
style CRT computer monitors for example use twice the energy to operate than modern
LCD monitors and four times as much as Energy Star rated units (Roth et al., 2008b).
Equipping units with sleep or low power modes is another improvement that many
appliances have adopted. However, having the option of a low power mode is only
effective if the owner chooses to use it. Many manufacturers have encouraged reduced
energy use by having low power setting enabled as the factory default. Providing
energy guide labels that inform consumers of expected energy cost has been very
successful with major appliances. Having smaller appliances list their energy
consumption would similarly use market pressure to decrease energy use (International
Energy Agency, 2001). Changing the behavior of the occupant is another way of
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reducing MELs. Opower is a company that partners with utility providers to analyze
households and provide them with comparisons between their energy use and their
neighbors. Participation in the Opower program has yielded an average savings of
2.8% of the homes total energy consumption with some municipalities experiences over
a 6% decrease (Parker et al., 2011). Home automation through the use of timers and
occupancy sensors is another way of reducing MELs. Energy dashboards and smart
meters are devices or networks of devices that provide the householder real time
feedback on their energy use. Several nationwide studies have shown that when
householders are provided this instant feedback total energy consumption is reduced
from 5 – 15% (Parker et al., 2011).
Stand-by power is the energy used by an appliance when it is not functioning or
is in the off mode. It is sometimes called a phantom load, vampire draw or leaking
electricity. Existing literature indicates that stand-by power accounts for 2 – 8% of a
typical household’s total energy use (Fung et al., 2003; Meier, 2001; Meier and Huber,
1997). Several measures are available to reduce stand-by power. Perhaps the most
effective is to simply unplug the appliance when it is not used. The inconvenience of
this measure especially in areas where the plug is not easily accessible has kept this
from being a widely used measure. Another option is to use smart power strips where
peripheral equipment is controlled by the primary appliance. Technical improvements to
appliances such as more efficient power supplies (low-voltage transformers) can reduce
stand-by power by 40% (Mohanty, 2001).
To decrease stand-by power, one energy efficiency measure (EEM) that
households have available is the whole-house switch (WHS). The WHS uses switches
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to send wireless signals to various disconnectors that sever the power to appliances.
The switches are generally conveniently located at home exits and the master bedroom.
The concept is that householders can eliminate stand-by power loss when they leave
the home or go to sleep. This study uses data from the Residential Energy
Consumption Survey (RECS), with a sample size of 12,083, conducted by the US
Energy Information Agency (EIA) to estimate the effectiveness of the WHS in reducing
home power consumption. The calculated results were then verified by testing the
WHS with 24 typical single-family homes.
Whole-House Switch Defined
The premise behind the WHS is that it conveniently reduces stand-by power loss
with minimal interruption of services to the householder. For this study the WHS has
two primary components. First is the disconnector, which is used to sever power to the
appliance (Figure 1). A plug-type disconnector has the appliance plug into it, and then it
plugs into a wall receptacle; in this way, it is similar to a common surge protector. An
integrated disconnector works similarly, but it replaces the traditional electrical
receptacle and is hardwired into the home’s line power. The integrated disconnector
looks identical to a common electrical receptacle with all relay switches lying behind the
wall plate (Figure 1). Both the plug-type and integrated-type disconnectors are typically
controlled wirelessly. This measure is ideal for retrofit applications due to the ease of
installation and because the disconnectors can be moved with appliances as they are
relocated. For new construction, homeowners have the option of installing hardwired
switches in area of expected high stand-by loss like the primary television, home office
and kitchen outlets.
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The second primary component of the WHS is the controller that commands the
disconnectors. A hardwired controller can be set up as a common house switch, or a
free-standing remote control can be used (Figure 6-2). Controllers can command as
many disconnect switches as the householder requires. Controllers commonly use an
omni-directional radio-frequency transmitter with a range radius of 50–100 feet. Each
disconnect switch also contains a repeater that receives and then rebroadcasts the
command. The more disconnectors there are on the network, the larger the web
becomes. The technology required for the WHS is available off the shelf. Wireless
communication protocols such as Z-Wave and Zigbee are being used by manufacturers
such as General Electric, Honeywell, Levitron, and Black and Decker. Using a common
communication protocol allows components from different manufacturers to be used
together in the same home network. Although this study focuses on the reduction of
stand-by power, this technology can also be adopted to reduce other energy demands.
Thermostats, lighting, and entire circuits can be controlled with these wireless protocolenabled devices.
Residential Energy Consumption Survey

Since 1978, the US Energy Information Agency has been conducting the
Residential Energy Consumption Survey (RECS). The survey is very detailed and
contains over 90 pages of questions. The questions primarily relate to home energy
use but also include demographical information such as number of children, residents’
ages, income, and characteristics of the home. The survey also asks about appliances
in the home such as coffee makers, toasters, computers, printers, and DVD players.
More detailed questions, such as duration of use, type, and size, are asked about more
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energy-intensive appliances, such as televisions, computers, and microwaves. The
survey does not rely completely on the responses of the occupant but verifies the
information with utility and tax records as well as field measurements, to the extent
possible (US EIA, 2011). The RECS is published every four years with the most current
survey conducted in 2009. The 2009 RECS is different from previous years as it makes
available to the public the individual responses from over 12,000 households
interviewed. The current study will make use of this large dataset to estimate the
potential savings of the WHS.
Assumptions Used to Calculate the WHS Energy Savings
Despite the comprehensive nature of the RECS questions, not all of the
information needed to calculate the effectiveness of the WHS was provided.
Specifically, reasonable assumptions of the length of time that the householder would
implement the WHS were made. The three most significant periods of time when the
EEM could be implemented are when the homeowner is asleep, away during the day,
and away for overnight trips. According to the US Department of Labor, the average
American adult sleeps between 8.2 and 9.0 hours per day (2012). However, of the
12,000 householders who participated in the RECS, only 12% lived by themselves, and
there is insufficient data in the literature to determine when all members of a household
are asleep. Since that is a period during which the WHS would be activated, an
assumed time had to be used for this study: the assumption of 6 hours was made. The
RECS asked the respondents whether someone was home throughout the day. For the
respondents who indicated that there was someone home throughout the day, it was
assumed that the home was vacated for 2 hr/weekday to account for miscellaneous
errands. For households that did not have someone at home during the day, US
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Census data (2009) was used to estimate that they were away 9.25 hr/weekday for
work (8 hrs), commute to work (45 min), and miscellaneous errands (30 min). All
householders were assumed to be away 4 hr per weekend day. Another important
consideration is the number of days the householder was away traveling. The US
Department of Labor estimates that the average paid time off for full-time workers
ranges from 7–18 days per year (1996). In addition, the average full-time worker has
between 7 and 9 paid holidays per year. Although not intended for recreational use,
paid sick days, which typically range from 7–11, can often be converted to paid time off.
For this study, it was assumed that all householders were away from home for 14 days
per year. See Table 6-1 for a summary of the assumed hours that the WHS was
implemented.
Calculation for Appliances Addressed in the RECS
The RECS is very comprehensive and asks the survey respondent about
appliances that make up, on average, about two-thirds of a home’s miscellaneous load.
Some of the appliances, such as fax machines and cordless phones, use much of their
energy in stand-by mode, but it is unlikely that the householder would want to
disconnect the power to these devices when they are asleep or away from home. Table
6-2 provides the list of appliances included in the RECS that have good potential for
stand-by power savings. For some of the appliances listed, the only information that the
RECS provides is whether the appliance was present in the home. For appliances
reported to be present, the unit energy consumption (UEC) from the literature review
was used to calculate the total load (Hendron and Engebrecht, 2010; Roth et al., 2008a;
Roth et al., 2008b). The UEC is the estimated total annual energy used by the average
person with a typical model appliance. It averages usage patterns over a range of
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people and weighs the energy consumption of the different appliance models based on
their market penetration. Other appliances, such as television peripherals, computers,
monitors, microwaves, rechargeable electronics, and rechargeable tools, have more
detailed information collected by the RECS about the appliance type and usage. When
present, this information was used to calculate the UEC for the corresponding survey
respondent. Whether the homeowner is home during the day is directly linked to how
many hours the WHS would be used. The estimated savings were calculated from
using the WHS based on the hours of assumed WHS activation listed in Table 6-1 and
based on the wattage values provided in Table 6-2.
Calculation for Appliances Not Addressed in the RECS
The RECS did not ask the respondents about all their appliances and those not
asked about create approximately one-third of the average home’s total MEL. This
additional MEL was accounted for by employing the method used by RESNET’s Home
Energy Rating System (HERS) index and the Department of Energy’s Building America
Program (Hendron and Engebrecht, 2010; RESNET, 2006). A list of the most common
appliances not included in the RECS was created. The UEC of each of these
appliances as found in a literature review (KEMA, 2010; Roth et al., 2008b; Sanchez et
al., 1998) was then multiplied by its market saturation to estimate the typical energy
load of the appliance as a national average. Market saturation is defined as the
average number of appliance per home (total appliance / all homes). A similar method
was used to calculate the WHS energy savings. The wattage for each appliance in its
lowest power mode was multiplied by its market saturation and by the weighted average
of the number of hours the EEM would be activated (Table 6-3). Specifically, this study
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compiled the UEC, stand-by energy use, and market saturation of 63 appliances
resulting in an average savings potential of 20.5kWh/year per home.
Effectiveness of WHS
The methods described above were applied to all 12,083 RECS respondents in
order to calculate the effectiveness of hypothetically utilizing the WHS in these homes.
Results indicate that the average WHS savings over all the respondents would be 282
kWh/year, which is 7.9 – 23.6% of the averaged home’s total MEL (Table 6-4). The
range is one standard deviation from the mean and captures approximately two thirds of
the homes. Factors like varying efficiencies of appliance models, number of appliances,
individual usage patterns and householder preferences cause a high degree of
variability in residential MELs. This high variability is reflected in Table 6-5 with a
relatively high standard deviation. The RECS provided the yearly energy consumption
for all of the survey respondents. The average respondent used 11,288kWh per year.
This equates to a WHS savings of 1.2 – 3.7% of the average householder’s total energy
cost. Householders with specific characteristics, such as urban vs. rural, married vs.
unmarried, and various income levels, were calculated separately. The “% of total
utility” is estimated WHS savings (+/- one standard deviation) divided by the average
total utility for the various household group. The results indicate that the overall savings
varies moderately across the different occupant groups, ranging from 1.1 – 4.7%. The
occupant characteristics that had the most influence on the effectiveness of the WHS
was whether the householder was home throughout the day or not. The savings
potential and payback periods will be discussed below.
Savings and Simple Payback Period for Common WHS Network: The vast
majority of stand-by energy loss is from television peripherals, computers, computer
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peripherals, and kitchen appliances (Table 6-4). These appliances are usually
clustered, thus multiple appliances could be controlled by a single disconnect switch.
Every home is configured differently, but if the typical home were to have a WHS
system with five disconnectors that controlled the primary television peripherals (1
disconnector), secondary TV with peripherals (1), primary computer with peripherals (2),
and a modem and wireless router (1), an average savings of 209 kWh/year would be
achieved. This is approximately $25 per year ($0.118 /kWh) in energy savings, and it is
74% of the WHS’s maximum potential (EIA, 2012). A five-disconnector system with two
controllers would cost approximately $170.00 retail (www.Zwaveproducts.com) and
would pay for itself in 6.9 years.
Testing of WHS Calculations
The WHS savings calculations using the RECS were tested by simulating the WHS on
24 actual homes. Twenty four homes are not sufficient to statistically validate the model;
however, the test results can provide a general sense of its accuracy. The test home’s plugloads were measured using “Watts Up? Pro ES” (www.wattsupmeters.com) data loggers over a
two-week period. Limitations of the study did not allow for an actual WHS to be installed in each
of the test homes. The information collected from the data loggers was used to “simulate” the
potential savings “if” a system was installed. Hardwired loads, seasonal loads, and appliances
only used periodically were accounted for using the UEC obtained from a literature review
(Hendron and Engebrecht, 2010; KEMA, 2010; Roth et al., 2008a; Roth et al., 2008b; Sanchez
et al., 1998). The lowest wattage for each appliance, as recorded by the data loggers, was
used to calculate the stand-by loss savings if a WHS was installed. Table 6-6 provides a
summary of the findings. The test homes were closely divided between households home (14)
and away (10) during a normal weekday. The “RECS Calculated WHS Potential” represents the
expected savings, calculated based on the RECS data, if all available appliances are on a WHS
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network. Appliances like refrigerators and security systems that are not applicable to this type
of EEM were omitted. The “Simulated WHS on Test Homes Potential” is the maximum savings
potential if a WHS was installed in the test houses. This is based on the actual appliances
observed and recorded with data loggers. Each of the 24 householders were questioned about
how often they are asleep and away from the home to estimate the likely duration the WHS
would be implemented. From the empirical rule it is expected that approximately 68% of the
test house’s WHS savings would be within one standard deviation and 98% would be within two
standard deviations. This distribution around the mean was observed with 18 test houses
(75%) within one standard deviation and 6 test houses (25%) within two standard deviations.
Not all appliances have the same stand-by power savings potential. In real-world
situations, homeowners would purchase enough disconnecting devices to control the most
energy-consuming appliances and to control appliances that are clustered together. For each of
the 24 test homes, reasonable retrofit packages were selected. Each home was assumed to
have a stationary switch at the primary exit and one remote control in the master bedroom. The
number of disconnectors varied by the type and clustering of appliances observed in each test
home. The retrofit packages and savings are provided in Table 6-6. Households with someone
home during the day experienced an average savings of 115 kWh/year ($13.57), so the system
would take 13.9 years to pay for itself. As expected, householders away during the day would
enjoy a much higher return, with an average savings of 184 kWh/year ($21.76), corresponding
to a simple payback period of 7.2 years. The average return on investment is not very
favorable. However it is important to note that of the 24 houses, 5 of them (21%) had simple
payback period of 5 years or less. Test house MV07 was projected to experience savings of
440 kWh ($51.88) with a payback of 2.5 years. If there is one finding that should be taken away
is that although the WHS does not have attractive returns for the “average” household, less
common households that are away from the home during the day and with heavy saturations of
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television peripherals, computers and office equipment would have high energy savings and a
short payback period.

Chapter Summary
The energy intensity of miscellaneous electrical loads (MELs) fueled by expansion in the
home entertainment, personal electronics, and convenience items markets, has steadily
outpaced other energy end uses. The whole-house switch (WHS) is an energy efficiency
measure that reduces MELs by eliminating much of the stand-by power loss. Using data from
the RECS the effect of the WHS on energy costs was calculated. It was found that the WHS
has the potential to save the average household 282 kWh/year or 7.9 – 23.6% of the home’s
total MEL. This corresponds to an approximate savings of 1.2 - 3.7% of the home’s total
electrical consumption. The calculations were tested by simulating the WHS on 24 actual
single-family homes. The results from the 24 sample homes were within one standard deviation
from what was predicted using the RECS. Sample retrofit WHS packages were simulated and
showed that the effectiveness of the WHS was greatly influenced by whether the householder
was home during the day. A principle finding of the study is that the savings that can be
enjoyed by the WHS is fairly modest when averaged over a large population; however, they can
be substantial for certain householders. Specifically, householders away from the home during
the day and with heavy saturations of television peripherals, computers and office equipment
would have high energy savings and a short payback period.
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Table 6-1. Hours assumed that the WHS would be activated
All Household
Away from
Away from
Members
Home on
Home on
Asleep
Weekday
Weekend
At Home
6hrs/day
2hrs/day
4hrs/day
During
Day
Not At
6hrs/day
9.25hrs/day
4hrs/day
Home
During
Day

Traveling

Total

14 days/yr 3,336hrs/yr
(336hrs/yr)
14 days/yr 5,149hrs/yr
(336hrs/yr)

Table 6-2. Power usage information for appliances included in RECS
StandUEC
by
Appliance
(kWh/year) Wattage
Information Source
Personal Video Recorders (DVR or
TIVO)
237
27.0
Roth et al., 2008b
Combo Cable Box / DVR
224
24.0
Roth et al., 2008b
Cable Box with no built in DVR
133
15.0
Roth et al., 2008b
Satellite Dish Box
129
14.0
Roth et al., 2008b
Hendron & Engebrecht,
Copy Machine
340
10.0
2010
DSL/Cable Modem
53
6.0
Roth et al., 2008b
VCR
47
4.5
Roth et al., 2008b
DVD/VCR Combo
50
4.5
Roth et al., 2008b
Based on SIIG Analog to
Digital
Digital TV Converter Box
4
4.0
Converter CE-CV0111-S
Component / Rack Stereo
122
3.0
Roth et al., 2008b
Microwave
131
3.0
Roth et al., 2008b
Wireless Router
53
6.0
Roth et al., 2008b
DVD Player
30
2.3
Roth et al., 2008b
Laptop PC (Plugged In)
72
2.0
Roth et al., 2008b
Desktop PC w/ Speakers
235
2.0
Roth et al., 2008b
Printer
27
2.8
Roth et al., 2008b
Video Gaming System
41
1.0
Roth et al., 2008a
PC Monitor CRT
77
1.0
Roth et al., 2008b
PC Monitor LCD
36
1.0
Roth et al., 2008b
Home Theater (HTIB)
89
0.6
Roth et al., 2008b
Coffee Maker
59
0.4
Roth et al., 2008b
Rechargeable Electronics
Calculated
1.5
Roth et al., 2008b
Rechargeable Tools
Calculated
4.8
Roth et al., 2008b
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Table 6-3. Power usage information for appliances not included in RECS
WHS
Savings
UEC
Market
Stand-by
Potential
Appliance
(kWh/year) Saturation
Wattage
(kWh/year)
Information Source
Doorbell
18
65%
2
5.7
Sanchez et al., 1998
Garage Door
Opener
30
26%
4
4.6
Sanchez et al., 1998
Saturation KEMA, 2010
UEC from Roth et al.,
2008a
Stand-by from Hendron
&
Image Scanner
138
14%
6
3.4
Engebrecht 2010
Men's Shaver
13
36%
1
2.2
Sanchez et al., 1998
Desk Fan
8
31%
1
1.4
Sanchez et al., 1998
Power Strip
3
94%
0.3
1.2
Sanchez et al., 1998
Digital Picture
frame
88
2%
10
0.9
Smith et al., 1991
Women's
Shaver
12
10%
1
0.6
Sanchez et al., 1998
Electric Tooth
Brush
12
6%
1
0.4
Roth et al., 2008b
Air Cleaner
Sanchez et al., 1998
Electric
Saturation from KEMA,
(not mounted)
55
5%
1
0.2
2010.
Total
20.5

Table 6-4. Average MEL and WHS savings potential from RECS data
WHS
Total MEL
Savings
Appliances
(kWh/year)
(kWh/year)
Television Peripherals
453
167
Rechargeable Electronics
57
25
Computer and Office Equipment
284
54
Small Kitchen Appliances
137
13
Well Pump
20
0
Spa
117
0
Other MELs
736
24
Total
1,795
282
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WHS
Savings
(%)
36.9%
43.9%
19.0%
9.5%
0%
0%
3.3%
15.7%

Table 6-5. Effectiveness of WHS by occupant group
WHS
Occupant
Savings Stand
Total
Group
N
(kWh/yr)
Dev
MEL

% of MELs

12,083

282

141

1,795

7.9 – 23.6%

6,881

245

117

1,835

7.0 - 19.7%

5,202

331

155

1,743

10.1 - 27.9%

Retired

3,567

254

131

1,743

7.1 – 22.1%

Not Retired
Income Less than
40K/year
Income 40K/year 80K/year
Income 80K/year 120K/year
Income More than
120K/year

8,516

294

144

1,817

8.3 – 24.1%

3,755

208

114

1,444

6.5 – 22.3%

5,229

285

130

1,784

8.7 – 23.3%

1,710

356

138

2,125

10.3 – 23.2%

1,389

381

141

2,382

10.1 – 21.9%

All Households
Households Home
During Weekdays
Households Away
During Weekdays
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% of Total
Utility
1.2 3.7%
1.1 3.0%
1.7 4.7%
1.1 3.6%
1.3 –
3.8%
1.0 3.5%
1.4 3.7%
1.7 3.8%
1.6 3.4%

Table 6-6. Validating WHS with test houses
Simulated
RECS
WHS
Calc’d
Potential
Retrofit
Retrofit
WHS
on Test
Package Package
Potential Homes
Savings
Savings No. of
Retro
ID#
(kWh/yr) (kWh/yr)
(kWh/yr) ($/yr)*
Discon’t Cost**
Home During Day
MV01
245
155
96
$11.29
4
$160
MV02
245
185
86
$10.20
3
$130
MV03
245
317
127
$14.99
3
$130
MV04
245
182
129
$15.25
3
$130
MV06
245
361
196
$23.18
2
$100
MV11
245
210
160
$18.82
2
$100
MV13
245
264
202
$23.84
2
$100
MV14
245
138
86
$10.12
3
$130
MV15
245
197
162
$19.16
2
$100
MV18
245
142
52
$6.17
2
$100
MV20***
245
18
8
$0.94
1
$70
MV22
245
193
116
$13.66
2
$100
MV23
245
237
89
$10.49
2
$100
MV24
245
163
101
$11.87
3
$130
Average
245
197
115
$13.57
2.4
$113
Not Home During Day
MV05
331
398
230
$27.19
4
$160
MV07***
331
516
440
$51.88
3
$130
MV08
331
286
178
$20.95
2
$100
MV09***
331
159
152
$17.90
2
$100
MV10***
331
72
45
$5.30
2
$100
MV12***
331
495
207
$24.40
3
$130
MV16
331
285
243
$28.72
2
$100
MV17
331
205
126
$14.86
2
$100
MV19
331
309
147
$17.35
3
$130
MV21***
331
162
77
$9.09
2
$100
Average
331
289
184
$21.76
2.5
$115
* Nationwide retail price of $.118 /kWh (EIA, 2012)
** All retrofit packages have 2 controllers
*** Within 2 standard deviations of expected
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Simple
Pay
back of
Retro
Package
14.2
12.8
8.7
8.5
4.3
5.3
4.2
12.8
5.2
16.2
74.2
7.3
9.5
11.0
13.9
5.9
2.5
4.8
5.6
18.9
5.3
3.5
6.7
7.5
11.0
7.2

Figure 6-1. Z-Wave enabled disconnectors (Photo courtesy of Zwave Products, Inc)

Figure 6-2. Z-Wave enabled control switches (Photo courtesy of Zwave Products, Inc)
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CHAPTER 7
CONCLUSIONS
Overview
The focus of this dissertation study was on modeling MELs in the residential
section. The HERS rating system uses a simple square foot multiplier to model MELs.
The hypothesis of this study is that the HERS model can be improved by incorporating
occupant characteristics. As described previously, this study calculated a MEL value for
12,083 homes using the RECS data and regressed a new MEL model. The new MEL
model uses size of the home, income of the household, number of household members
and presence of a home business as variables in the model. In the paragraphs below,
the key conclusions that were made from this study are discussed.
Key Conclusion #1: Occupant Characteristics are Better Predictors of MELs
The hypothesis of this study is that occupant characteristics are a better way of
predicting MELs that current practices (square foot multipliers). The correlations
between all the variables (expressed as the “r value”) are provided in Appendix C.
However, the correlations between all the occupant characteristics independent
variables and MEL dependent variable can be found in table 7-1. Notice that the
variable with the highest correlation to MELs is income and not the square footage of
the home. This table alone answers the question “if” occupant characteristics can be
used to improve current practices.
Practical Benefits from Key Conclusion #1: Key conclusion #1 indicates that
occupant characteristics are a critical component of understanding MELs. There are
two practical applications from this key conclusion. First, utility providers can benefit by
better understanding the nature of residential MELs. Utility providers are keenly
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interested in reducing overall load but more specifically peak load where the cost to
produce energy is the highest. Intuitively, it might seem that homes where the occupant
is vacated during the day when utilities are at their highest production would have the
lowest MEL. This study found that the correlation between MEL and homes vacated
during the day is less than 9%. While MELs can certainly be targeted for overall energy
demand reduction, the energy saved will not be focused during peak load hours.
The second practical application that can be drawn from this key conclusion is
how residential energy use is perceived. The two most widely recognized MEL models
are the HERS index and Building America Program (BA) which both use building
characteristics to predict MELs. Similarly, when industry and academia offers energy
reduction solutions it usually focuses on technical improvements. This could be
improved technology, building automation or more efficient designs. This study
reinforces that a critical factor in understanding energy is occupant behavior. This study
isn’t the first to suggest this but again reinforces the concept. This study will help both
industry and academia look at energy differently than just the physical components of a
building. Looking at energy through the lens of demographics, affluence, and behavior
could lead to new solutions to improve energy performance.
Key Conclusion #2: The New Model
This study regressed an equation that significantly improves the current HERS
model by incorporating income, household members and presence of a home business.
Hot tubs are not recommended to be included in the definition of MEL; however, to be
consistent with the HERS index it was included with the model. The equation has been
called the “new model” in this study and can be found below
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Modest Improvement in Accuracy for Modeling Average MEL
This study found that the average MEL as calculated with the RECS is very
similar to the HERS “typical” home. The HERS typical home used 1,714kWh/year
whereas the average RECS respondent used 1,795kWh/year (Table 4-7). The HERS
and new model are within 5% of each other. A test performed with this study was to
compare the HERS model and the new model with each of the 12,083 RECS
households. The calculated average energy consumption for all of the households
using both models is relatively close. Using the HERS model the average energy
consumption is 1,977kWh, whereas using the new model the energy consumption is
1,792kWh. The difference is only 185kWh or 9.4% from the HERS model. The
conclusion drawn from this test is that the new model only modestly improves the
accuracy of MEL predictions when reviewing a large number of homes averaged
together.
Significant Improvement in Individual Home Modeling
The purpose behind this study is the modeling of individual homes and not
averaged MELs over large communities. What is significantly more noteworthy in the
test described above is the standard deviation. The standard deviation is the dispersion
of the individual observations from the predicted model. The standard deviation of the
HERS model is 1,323kWh where the new model’s standard deviation is less than half of
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this (598kWh). The conclusion that can be drawn from this is that the new model is
more likely to predict the true MEL by 54.8%, because there is less dispersion between
the model and individual observations.
MELs are influenced by many factors. Only through the use of large sample
sizes can any meaningful predictions be made. However, even with large sample sizes
predicting individual homes MEL is difficult without a large margin of error
Hot Tubs
The published UEC data for hot tubs is 2,040kWh/year and has a market
saturation of 3%. Considering that the average MEL of all RECS respondents is 1,795,
a UEC of 2,040kWh is an extreme value for one appliance. The market saturation of
3% is also an extreme value and shows that the energy use does not reflect the vast
majority of homes. Due to the high UEC and low market saturation it is recommended
that this appliance not be defined as a residual MEL and be disaggregated into its own
category similar to the television.
Practical Benefits from Key Conclusion #2: The creation of the new model
was the heart of this dissertation study. The objective of the study was to create a
better way of modeling MEL than current practices. As the HERS index is the most
widely accepted means of modeling MELs it was used as the baseline which this study
sought to improve. Perhaps the party that could most benefit from this study is the
RESNET certified energy rater. These energy raters go into homes and physically
measure characteristics to provide a whole-house HERS score. The RESNET rater
currently uses the .91kWh/sqft HERS model. However, because they are in direct
contact with the home owner they have access to all of the coefficients used in the new
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model. The accuracy of their estimation of the MEL value could increase by 54.8% on
average with very little additional effort.
The target of this research was to better model MELs on an individual home
bases. However, utility providers, developers and community planners can still benefit
from the new model. When new communities are planned they typically attract buyers
with similar characteristics. Developers could plan to cater to more affluent
householders or low income affordable houses. Similarly, developers could choose to
build a retirement community where the average household has only one or two
members or build in close proximity to a school where the household size is typically
larger. Developers will know the typical buyer they are marketing to and can use those
common characteristics in the new model to better predict the MEL for that community.
With a better understanding of the MEL at the community level utility providers and
community planners can better predict energy use when the project is completed.
Key Conclusion #3: Published UEC Values Compared to Recorded Consumption
A comparison between what the data loggers recorded and what was expected
based on the published UEC was performed in this study. The comparison includes
140 data logging events that recorded the energy consumption from 271 appliances.
The total energy consumption recorded on the data loggers was 13,851kWh. The
published UEC for the 271 appliances recorded on the data loggers was 13,933kWh.
This is a difference of less than one percent. While this would seem to indicate that the
published UEC mirrors very closely to what was observed in the test houses, it is
important to look at the distribution around what was expected or the standard
deviation. For the 140 data logging events the average difference from what was
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recorded to the published UEC was 119%. What this means is that there were some
large deviations in what was expected at an individual appliance level.
There are two appliances that are worth highlighting. The first appliance is the
dehumidifier. The energy consumption recorded greatly exceeds the published UEC.
The second appliance is the microwave. The microwave was recorded individually in
14 households. The average energy use of 62kWh/year is 112% less than the
published UEC. These two appliances were not recorded with data loggers in a
sufficient number of homes to justify the discrediting the published UEC data. However,
because of the large deviation it is something worth making note of for future studies.
Practical Benefits from Key Conclusion #3: This study used published UEC
appliance data extensively with the calculation of MEL of the RECS respondents. The
validation of the published UEC data with actual consumption was of course self-serving
for the study. However, energy modelers can also benefit from these validated UEC
values. If a home is being modeled and the appliances are known, these UEC values
can be used to calculate energy use. As the published UEC values have been shown
to be consistent with the actual load from 24 test houses, energy modelers can
incorporate them into their models with a higher degree of confidence than before this
study was conducted.
Future Studies
This study can be expanded in several ways to help improve energy modeling.
The following are recommended for a future study:


This study was conducted using the 2009 RECS which collected its data from the
16 most populated states. The new model used this information as an aggregate
and is generalized for all US homes. For future studies, this same methodology
could be applied to each of the 16 states individually. The predictive power of
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state specific models would likely exceed the nationwide model created with this
study.


Use the RECS to calculate all of the other traditional energy end uses. A great
deal of inferences could be made by having the energy consumption broken
down to the appliance level of over 12 thousand households.



The RECS provide the total yearly energy consumption of each of the
respondents. A regression explanatory equation using total energy consumption
(dependent variable) and characteristics of the household (independent variable)
could be created to predicted total energy consumption. The regression equation
would likely not be as accurate as if the energy use was calculated using energy
modeling software such as eQUEST, BEOpt, or EnergyPlus but would likely be
easier and faster for quick estimates.



The Building America (BA) program has a similar model as the HERS index for
calculating MEL. The BA definition of MEL is also similar but with a few
distinctions such as including televisions and ceiling fans. This dissertation study
could be modified to calculate MELs as defined by BA and improve upon their
model.



The BA program uses state multipliers for the four most populated states to
adjust their MEL model. This study could be used to expand these multipliers for
more states as the 2009 RECS collected data from the 16 most populated states.



This study has shown that including occupant characteristics is a better way of
modeling MELs than simply a square foot multiplier. However, the RECS data
and the calculated MEL could be used to improve the HERS index multiplier.
Additionally, a new equation that includes a constant and a “number of
bedrooms” coefficient could be provided, which mirrors how the HERS index
“non-residual” MELs.

Chapter Summary
MELs stands alone as the single energy end use in which energy intensity has
steadily increased over time and is not showing any signs of changing. Occupant
behavior is the most critical component to MELs but remains one of the least
researched areas of residential energy use. Current models ignore the occupant as a
factor who influences energy use. This study looked to improve the current MEL by
incorporating characteristics of the occupant as a surrogate for occupant behavior. This
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study took advantage of the large sample size of the EIA’s Residential Energy
Consumption Survey to calculate a MEL and then make inferences about occupant
behavior. A regression equation, which this study called the “new model,” improved the
current model by 9.4% and decreased the dispersion from the model (standard
deviation) by 54.8%. The model was tested on 24 real world houses in which it
predicted the MEL better 17 out of 24 times. The modeling and reduction of MELs is a
key area of research for national energy reduction and goals for zero-net energy homes.
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Table 7-1. Correlation between occupant characteristics and MEL

Occupant Characteristics
(Independent Variable)
Income
Sqft of Home
Size of Garage
Marital Status
House Type
Education
Household Members
Home Business
Household Members (squared)
No. of Children
Year Made
Year Made Range
Urban / Rural
House Holder AGE(squared)
At Home During Day
No. of Children (squared)
Retired
Householder Age
AIA Zone by CDD and HDD
AIA Zone by CDD and HDD
(squared)
BA Climate Region

Correlation Coefficient
(r)
0.424
0.410
0.349
0.310
-0.284
0.260
0.241
0.197
0.166
0.137
0.133
0.132
0.086
-0.085
0.082
0.072
-0.066
-0.047
-0.043
-0.036
-0.022
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APPENDIX B
STATISTICAL ANALYSIS AND TERMINOLOGY
This dissertation made statistical inferences of all US households based on the
2009 RECS data. It is important to describe the statistical methods and terminology
used. For this study the RECS “sample” (n) refers to 12,083 households included with
the survey. The “population” (N) in which inferences are made refers to all US
households. The large sample size provides the advantage of mirroring the whole
population with a high degree of precision. Using Lehr’s widely accepted equation for
sample sizing, it can be said with 99% confidence that the RECS sample mean is within
1.5% of the true population mean (Agresti and Finlay, 2009). The calculated MEL value
has a “normal” distribution meaning that the frequency of the MELs has a traditional bell
shaped. Figure 2-10 shows the MEL intensity in kWh along the x axis and the
frequency of the intensity along the y axis. The RECS sample is slightly skewed to the
right. This was anticipated as the lowest MEL value is bounded by zero kWh whereas
the upper end has no limit.
Standard Deviation
An important statistical measure that was used in this dissertation is the standard
deviation (σ). The standard deviation is the measure of how much dispersion there is
from the mean (average MEL in kWh from the sample). This is important because as
our sample is normally distributed the “empirical rule” could be used to measure the
success or failure of the model. The empirical rule states that if the sample is normally
distributed then approximately 68% of all observations are within one standard deviation
of the mean, 95% fall within two standard deviations and nearly all observations are
within three standard deviations (Agresti and Finlay, 2009).
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ANOVA
This dissertation created a new MEL model by regressing several independent
variables that explain the dependent variable. The dependent variable is the
household’s MEL and the independent variables are characteristics of the occupant.
Before the regression could be completed the independent variables needed to be
checked for statistical significance. Testing for significance is verifying that the pattern
in the observations is reliable and not cause by random chance. A large sample size is
the principle way of increasing statistical significance. The means of testing significance
is with an “analysis of variance” commonly referred to as an ANOVA (Table A-1 below).
The ANOVA table shows the variance from what was predicted in the model from what
was observed. What was predicted is identified as “regression” in the table. The
difference between what was observed and what was predicted is called the “residuals.”
Regression is sometimes called the “model” whereas the residuals are the “errors” in
the model. The measure of the residuals can be found in the column titled “Sum of
Squares.” The sum of squares is the squared difference between what was observed
and what the model predicted. The degrees of freedom or “df” in the regression row are
the number of characteristics describing the dependent variable. In the example
ANOVA table provided in Table A-1 is a simple linear regression and only has one
independent variable explaining the dependent variable. As such the df is one.
However, if this were a multilinear regression model with three independent variables
explaining the dependent variable then the df would be three. The total df is the sample
size (n) minus 1. The residual df is the total df minus the regression df. The mean
square is calculated by dividing the sum of squares by the df. In the example provided,
the residual sum of square (2,645,229,575) divided by the degrees of freedom (12,081)
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equals the mean square value of 218,958. The mean square is used to calculate the “F
Statistic.” The F statistic named after Ronald Fischer in the 1920’s is a test statistic
used to determine the probability of the observed values being seen if the null
hypothesis is true. The null hypothesis is that the independent variables do not
describe the dependent variable. The F statistic is converted to a more easily
understood value for testing significance; the “p value.” An ANOVA table is used to
analyze your data but ultimately it is the “p” value that is used to test for statistical
significance. The p value is the probability that your data would be seen if the
independent variables do not predict the dependent variable. The widely accepted rule
is that a p value less that .05 can be used to claim that an independent variable is
statistically significant (Agresti and Finlay, 2009). Table A-2 graphically explains the
calculation of the ANOVA table as described above.
Besides significance the quality of correlation is also important in reviewing
independent variables. “Correlation of coefficient” denoted with the lower case “r” is the
measure of how correlated two variables are. In other words it indicates the strength of
relationship between two variables. The “r” value ranges from -1 < r < 1. The sign
indicates if the change is positive or negative. An “r” value of zero indicates no
correlation between the variables. The formula for “r” is shown below:

(∑
√

∑

)

(∑ )

(∑ )(∑ )
∑

(∑ )

The correlation of coefficient shows the correlation between two variables and
used for simple linear regression formulas. For multilinear regression formulas where
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multiple independent variables will be used to describe the dependent variables the “R2”
is traditionally used. “R2” or “coefficient of determination” is simply the squared value of
the correlation of coefficient (r). R2 explains the predictor variables. The new MEL
model that was created in this dissertation is a multilinear regression and the coefficient
of determination was used to analyze the results. There is no hard line or even general
rule as to what an acceptable value that the R2 must be to be considered acceptable.
However, it is worth highlighting the R2 values used in the Parker study which is the
basis of the HERS model ranged from .0369 to .1696. The new MEL model (Model E)
created in this dissertation had a R2 value of .285.
Stepwise Regression
The type of regression analysis chosen to create the new MEL model was a
“stepwise regression.” This type of regression “consists of regressing [the independent
variable (MEL)] on each explanatory variable separately and keeping the regression
with the highest R2 (Kennedy, 2001).” Stated another way the stepwise regression
process systematically introduces and then removes each of the independent variables
in series to develop a “best fit” equation. The measure of the “best fit” is the “coefficient
of determination” (R2). The higher the R2 is the higher the explanatory power of the
regressed equation.
Margin of Error and Confidence Interval
Another important statistical measure for a regression equation is its standard
error. The standard error is how much the sample mean is expected to deviate from the
true population mean. It is an estimate of the standard deviation of a regression
equation. It is important for this dissertation because it is used to calculate the margin
of error and the confidence interval. The margin of error is a measure of the amount of
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random sampling error given a set confidence level. The larger the confidence level the
higher the margin of error. 95% is a very common confidence level and will be used in
this study. When poll results are published they generally indicate their findings with a
+/- percentage of uncertainty. The +/- percentage of uncertainty is the margin of error.
The range between the findings plus the margin of error and minus the margin of error
is called the confidence interval. The confidence interval is a range of values that with a
set confidence level contains the true population value.
For this dissertation 24 test homes were monitored to record their actual MEL.
The new MEL model will be used to predict the MEL and then compared with the actual
value. One of the ways that it was determined that the new model was successful was
that all of the test houses were within the margin of error of the model.

Table A-1. Sample ANOVA table
ANOVA
Model
Regression
(model)
Residual
(error)
Total

Sum of
Squares
580,878,111

df

Mean
Square
580,878,112

1

2,645,229,575 12081

218,958

3,226,107,686 12082
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F Statistic
2,653

P Value
.000

Table A-2. Calculations of ANOVA table
ANOVA
Model
Sum of Squares
df
Regressi
on
(model)

SSR 

Residual
(error)

SSE 

Total

n

 (Y  Y )
i 1

^

2

i

n

 (Y  Y )
i 1

^

i

2

i

k

df R  1

df E  n  2

n

SST 

 (Y  Y )
i 1

i

2

df T  n  1

n-k-1

n-1
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Mean
F Statistic
P Value
Square
MSR = Fobs=MSR/MSE Area to
SSR/k
right of
F
distribut
ion
MSE =
SSE/(n
-k-1)

APPENDIX C
PEARSON CORRELATION TABLE
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