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Study Overview
The primary goal of the Massachusetts Residential Building Use and Equipment
Characterization Study (previously called the Baseline Study) is to collect saturation,
characterization, and usage behavior data for all major electric and gas appliances, heating
and cooling equipment, and electronics in Massachusetts homes.
This data supports energy and peak demand savings calculations for program evaluation
and design and provides additional insight on the savings potential in the existing
residential buildings market.
In the first year of the study, Guidehouse (formerly Navigant) surveyed thousands of Massachusetts
residents about their household appliances and energy use and metered 25 electric end uses
at over 350 homes. In this fourth year of the study, Guidehouse continued
the same data collection activities to calculate updates and changes in
Re-survey
saturation and equipment characterization, continue to meter electric
study
and gas end use consumption, log space temperature, and maintain
participants
the research panel for future research objectives.
(n=6,475)

INITIAL ACTIVITIES
Completed in 2017

ONGOING
ACTIVITIES

Conduct online survey
Draw onsite sample

Saturation
and load
shape
analysis

Install meters at sampled homes

Summer Peak Day
Metered Electric Load Shape

Lighting + Other

HVAC

Completed in
2018-2021
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(n=onsite
sample 300)

Winter Peak Day
Metered Electric Load Shape

Misc.

Water Heating

Laundry

Kitchen
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Electricity Findings
Cooling

Lighting and Other

Central air conditioners (ACs) and heat
pumps are the single most important end use
driving summer peak demand.

Lighting is assumed to be the largest portion
of the remaining load, but its energy intensity
is falling quickly due to program interventions
and federal standards.

Central AC should be the focus of efforts
to reduce peak demand, but ductless
heat pumps and room ACs are also important
to a comprehensive program offering.

Heating
Hardwired electric heat, plug-in electric heat,
ductless heat pumps, furnace fans, and boiler
distribution systems all consume energy
within the same order of magnitude and are
as important as other prevalent non-HVAC
end uses. Ductless heat pump saturation is
increasing.

Water Heating
Heat pump water heaters consume about half
of the energy and peak demand of regular
electric water heaters, providing potentially
significant reductions in peak demand.

Laundry
Clothes dryers are used throughout the
day, including during afternoon and evening
peak.

Miscellaneous
Kitchen
Refrigerators are the second largest
individual consumers of electricity, but peak
impacts from kitchen equipment
are negligible.

Pool pumps have the largest non-cooling
summer peak demand of any metered end
use.
The Program Administrators should consider
targeting dehumidifiers and pool pumps for
peak demand savings with low impacts on
customer comfort.
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Annual Electricity Consumption
Each point in this plot shows the household consumption and the fraction of households with a given end
use. As you move up and to the right, the aggregate consumption per Massachusetts household goes up,
as shown by the curved contour lines of constant aggregate Massachusetts consumption. For example,
primary refrigerators are found in 99% of homes and have an annual consumption of 557 kWh per home
with a refrigerator, so the statewide average is 549 kWh per Massachusetts household. Central AC and
heat pumps are found in 35% of homes and have an annual consumption of 1,390 kWh per home with a
central AC or heat pump, yielding 490 kWh per Massachusetts household.

Cooling, electric heating, and electric hot water (including
heat pumps) are expected to increase in saturation. As
saturations of these end uses go up, statewide electricity
consumption will increase.
Dryers and dehumidifiers are
medium energy consumers and are
present in many but not all homes.

Refrigerators consume
more electricity in
Massachusetts than any
other appliance.

High saturation end uses such as refrigerators and
TVs are ripe for broad-based behavior or
upstream/midstream programs to save energy.
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Summer Electric Peak Demand
Each point in this plot shows the household demand and the fraction of households with a given end use.
As you move up and to the right, the aggregate demand per Massachusetts household goes up, as shown
by the curved contour lines of constant demand. For example, primary refrigerators are found in 99% of
homes and account for 0.088 kW per home, so the statewide average is 0.087 kW per household. Central
AC and heat pumps are found in 35% of homes and have an average summer system peak demand of
1.93 kW per home with one, yielding 0.68 kW per Massachusetts household.

Pool pumps are uncommon, but
they offer a high quality peak
saving opportunity. Dehumidifiers
offer a more common mediumsized opportunity.

Central AC is the single most important end use
driving summer peak demand, and its saturation is
increasing. Room ACs are the next largest contributor.
These two end uses are the best opportunity for nearterm peak demand savings.

While typical electric water heaters and
electric clothes dryers do not offer significant
demand savings, a small portion offer high
quality peak savings opportunities.

Ubiquitous end uses like TVs, refrigerators,
and lighting are candidates for behaviorbased demand response or
upstream/midstream programs.
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Winter Electric Peak Demand
Each point in this plot shows the household demand and the fraction of households with a given end
use. As you move up and to the right, the aggregate demand per Massachusetts household goes up, as
shown by the curved contour lines of constant demand. For example, primary refrigerators are found in
99% of homes and account for 0.061 kW per home, so the statewide average is 0.060 kW per
household. Mini-split heat pumps are found in 7.3% of homes and have an average demand of 0.8 kW
per home with one, yielding 0.059 kW per Massachusetts household.

Miscellaneous loads are driven
by primary and secondary TVs
and their peripherals. None of
these end uses contribute
significantly to winter peak.

Electric heating and hot water (including heat pumps)
are expected to increase in saturation. As saturations
of these end uses go up, statewide winter peak
demand will increase.

While typical electric water heaters and
electric clothes dryers offer modest demand
savings, a small portion offer high quality
peak savings opportunities.

Ubiquitous end uses like TVs, refrigerators,
and lighting are candidates for behaviorbased demand response or
upstream/midstream programs.

5

Massachusetts Residential Building Use and Equipment Characterization Study

Electric and Internet Connection End
Use Saturations
Electric End Use
Saturations

Internet-Connected
End Use Saturations

End Use
Central Air Conditioner (Ducted)
Room or Window Air Conditioner
Electric Baseboard Heat
Mini-Split Heat Pump (Ductless)
Mini-Split Air Conditioner (Ductless)
Central Heat Pump (Ducted)
Furnace – Electric
Ground Source Heat Pump
Space Heater or Plug-In Fireplace
Dehumidifier
Refrigerator
Secondary Refrigerator
Freezer
Dishwasher
Oven or Range – Electric
Cooktop – Electric
Water Heater – Electric
Tankless Water Heater – Electric
Water Heater – Heat Pump
Clothes Washer
Clothes Dryer – Electric
Pool Pump
Electric Vehicle Charger
Electric Vehicle
Solar Photovoltaic System
Solar Photovoltaic Batteries
TV
Smart Phone
HVAC

Kitchen

Water Heating

Saturation
34%
53%
15%
7%
2%
2%
2%
< 1%
52%
40%
99%
32%
24%
78%
52%
13%
15%
3%
2%
82%
61%
8%
3%
3%
9%
1%
92%
94%
Laundry

Misc.

End Use
Thermostat
Dehumidifier
Refrigerator
Oven or Range – Electric
Oven or Range – Natural Gas
Water Heater – Electric
Clothes Washer
Clothes Dryer – Electric
Clothes Dryer – Natural Gas
TV
Smart Speaker or Hub
Lights
Lighting Controls
Outlets
Sound System
Cameras
Irrigation System

Saturation
25%
4%
10%
6%
6%
8%
11%
7%
3%
48%
41%
15%
9%
17%
14%
25%
2%

Over half of homes (53%) have room or
window air conditioners. Three percent of
homes have one or more electric
vehicles (EVs).
Internet-connected devices are starting
to gain adoption in Massachusetts. The
increasing prevalence of internetconnected devices represents an
opportunity for new demand response
and load shifting program design options.
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Electric End Use Saturation Trends
Change in End Use Saturations Over Time

The proportion homes with central AC and
mini-split heat pumps has increased
steadily between 2018 and 2021,
potentially driven by more extreme and
consistently high summer temperatures
over time.
It appears that homes with room or
window ACs may be leveling off or
decreasing over time, perhaps as the
saturation of customers with central AC and
mini-split heat pumps increase over time.

The proportion of homes with
dehumidifiers and air cleaners also
increased steadily between 2018 and
2021.
The saturation of solar photovoltaic (PV)
systems is increasing over time.
Emerging technologies such as heat
pump water heaters and EVs are starting
to gain adoption in Massachusetts.
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Natural Gas and Delivered Fuels End
Use Saturations and Consumption
Non-Electric End Use Saturations
End Use

Saturation

Furnace – Natural Gas

24%

Furnace – Fuel Oil

4%

Boiler – Natural Gas

31%

Boiler – Fuel Oil

16%

Fireplace – Natural Gas

5%

Fireplace or Heating Stove – Other Fuel

9%

Oven or Range – Natural Gas

53%

Cooktop – Natural Gas

11%

Water Heater – Natural Gas

36%

Tankless Water Heater – Natural Gas

3%

Water Heater – Fuel Oil

1%

Tankless Water Heater – Fuel Oil

2%

Water Heater – Indirect

19%

Clothes Dryer – Natural Gas

22%

Pool Heater – Natural Gas

1%

Hot Tub – Natural Gas
HVAC

Kitchen

<1%

Water Heating

Laundry

Boiler

The average natural gas demand is
approximately 60% larger on the peak day
as compared to a typical winter day. Hourly
residential natural gas demand peaks in
the morning hours between 5 a.m. and
9 a.m. with a secondary peak between
3 p.m. and 9 p.m. The morning peak is
approximately 20% larger than the evening
peak. Overnight gas consumption for water
heaters is relatively low.
Space heating accounts for 81% of the
annual natural gas consumption and
94% of winter peak in Massachusetts
homes.
The average annual amount of delivered
fuel oil is 77 MMBtu (554 gallons of oil) per
home with delivered fuels.

Misc.

Winter Peak Day Natural Gas
Load Shape

All Other

Massachusetts has a significant number of
homes that heat with fuel oil, although the
saturation is decreasing over time.

Monthly Average Natural Gas
Consumption

Furnace

Water Heating

Clothes Dryer
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COVID-19 Impacts to Load Shapes
The New Normal
More than 60% of customers
reported staying home more
during the COVID-19
pandemic. Of those
customers, around 50%
expect this to be a
permanent change going
forward.
Around 20% of customers
expect working from home
and more cooking at home to
be permanent changes in
their households.
Less than 10% of customers
expect that remote learning
for their kids will be
permanent.

Cooling End Use Load Shapes

Heating End Use Load Shapes

The pandemic had different impacts on the peak day behavior of HVAC end uses. The peak day demand for
cooling end uses increased, while the demand for heating end uses (boilers, furnaces, and hardwired
electric heat) decreased. These shifts can be explained by the increases in homes’ internal heat loads. People
being home, cooking, working, and using office equipment more during the pandemic likely increased the
average heat gain of the home, which added to the cooling load and decreased the resulting heating load.
Plug-in electric heat had increased demand, likely due to people using space heaters near their home offices
during work hours.
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EV Characteristics and Consumption
EV Range

Of EVs owned, 60% are fully electric and 40%
are plug-in hybrid electric vehicles (PHEVs).
About 75% of fully electric vehicles are high
capacity (175+ miles).

EV Charger Type

Most fully electric vehicle owners have a
Level 2 charger (240 V), while most PHEV
owners have a Level 1 charger (120 V).
About 15% of fully electric vehicle owners and
10% of PHEV owners do not own a home
charger. About 20% of PHEV owners do not
charge their vehicle.

High-Capacity EV Charging Profiles
The average summer
weekday demand for
customers with high
capacity EVs (>175-mile
range) is about 1.0 kW1.5 kW from 4 p.m. to
8 p.m. The PAs could
consider programs to
incentivize EV owners to
charge their vehicles
during non-peak times and
to sign customers up for
EV charging demand
response programs.
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Thermostats and Space Temp
Thermostat Saturations

Logged Space Temperature by Thermostat Type

Programmable
thermostats are most
common, followed by
manual thermostats. Of
homes, 16% have a smart
or learning thermostat.
Remote control thermostats
appear to serve ductless
ACs and heat pumps and
room ACs.

The average logged space temperature during
the 2019-2021 heating seasons varied
between 65°F and 68°F during the day. The
average logged space temperature over all
hours of the day was approximately 67°F.
In the winter period, the logged temperature for
spaces controlled by manual thermostats sees
the least variation, while smart thermostats see
the highest

The average logged space
temperature during the
2020-2021 cooling
seasons for customers
with central AC or mini-split
heat pumps varied between
73°F and 77°F during the
day. The average logged
space temperature over all
hours of the day was
approximately 75°F.
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1. Introduction
Guidehouse Inc. (Guidehouse, also referred to as the team) is conducting a large multiyear
residential building use and equipment characterization study using data collected via online
survey, onsite validation, and long-term metering. Through this research, the Guidehouse team
strives to provide the Massachusetts Program Administrators (PAs) and Energy Efficiency
Advisory Council (EEAC) consultants more granular data about the energy consumption of
residential buildings and their occupants. The PAs and EEAC also want to learn more about
relevant opportunities for reducing overall energy consumption and consumption during peak
periods/hours. This report reflects all study findings to date, including all survey and metered
data collected from January 2017 through summer 2021. 1

1.1 Document Orientation
This document presents detailed saturation, characterization, energy consumption, peak
demand, and other data summarized at the population level and by several demographic and
building type categories. Key findings are presented first, followed by detailed findings for each
end use category and overall conclusions and considerations derived from this study. Appendix
A describes the study methodology, and Appendix B contains supporting data. The findings in
this document are organized as follows:
•

Section 1 – Introduction: This section discusses study goals, research activities, and
updates to the study from the previous comprehensive study report published in 2020.

•

Section 2 – Results and Key Findings: This section contains saturation and changes
in saturation from 2019 to 2020-2021 for key electric, gas, and oil end uses, as well as
internet-connected devices. It also summarizes annual and monthly electricity and
natural gas consumption, summer peak demand, and winter peak demand by end use
category at the population level and for a subset of key building and occupancy
characteristic splits. The COVID-19 pandemic’s impacts to electric and gas usage,
space temperature and setpoints, and preliminary findings from the electric vehicle (EV)
data collection and analysis are also discussed.

•

Section 3 – Detailed Findings: This section expands on the key findings provided in
Section 2 to include saturation, characterization, annual energy consumption, peak
demand, and hourly load shapes at the end use level. It also presents findings from the
customer survey and onsite data collection for each end use category, along with
thermostat saturations and customer-reported setpoints by key building and occupancy
characteristic splits, annual consumption of delivered fuels from the delivered fuels
study, and Massachusetts Technical Reference Manual (TRM) inputs derived from this
study.

Based on discussions with the PAs and EEAC consultants, this Phase 5 study report contains updated saturation
and equipment characterization data collected through summer 2021. This report includes the Phase 4 pre-COVID19 pandemic electric and gas load shapes based on electric and gas metered data collected through winter 20192020, with the exception of electric cooktop and EV charger usage (which includes usage data from the full Phase 5
period through summer 2021). Section 2.6 provides the COVID-19 pandemic impacts on electric and gas loads.

1
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•

Section 4 – Overall Conclusions and Considerations: This section contains the
overall conclusions and considerations derived from the study’s findings.

•

Appendix A – Methods: This section provides analysis methodology for the online
survey, onsite sampling and metering, and data analysis portions of the study.

•

Appendix B – Supporting Data: This section contains the accompanying findings and
datasets, including additional charts and graphics for each of the research areas
presented in the report body. Notably, this appendix contains the following supporting
data:
o

Detailed plots and datasets of saturation and quantity of units added and
removed over the last year for all end uses and by demographic and building
characteristic splits, including building type, heating type, income level,
education, language spoken, and program participation.

o

Detailed plots and datasets of existing and new unit efficiencies, capacities, year
of manufacture, and other characteristics such as annual water consumption.

o

Detailed plots and datasets of annual, monthly, and hourly load shapes, including
demand for four different winter and summer peak demand periods (as outlined
in Table 2-2) for electricity and natural gas end uses. The electric usage
summaries include splits by building type, occupant age, number of occupants,
occupant type (renter vs. owner), weekday occupancy, and geographic region.

o

Dataset of metered space temperature at the monthly, peak day, and hourly
levels for each day type (weekday, weekend, all days).

1.2 Study Goals
The primary goal of this residential building use and equipment characterization study is to
collect data on saturation, characterization, consumption, peak demand, and key explanatory
variables for all major electric and gas appliances, mechanical equipment, and electronics in
Massachusetts homes. This data provides the foundation for updating the Massachusetts TRM,
informing future energy efficiency and demand response potential studies, and designing
programs. The secondary goal of this study is to support other research that the PAs are
undertaking—such as energy efficiency potential studies and market effects research—by
providing comprehensive data for the sampled customers.
This report is intended to answer the following primary and secondary research questions stated
in the study’s Stage 3 plan:
Primary Research Questions:
•

How and when are people using the electric and natural gas equipment in their homes,
and how have electric and gas end use consumption patterns changed over the course
of the COVID-19 pandemic? 2

The residential building use and equipment characterization study has 12 research questions, which can be found in
the study’s Stage 3 plan.
2
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•

How are the saturation and characterization of energy-consuming equipment present in
Massachusetts homes changing over time?

Secondary Research Questions:
•

How quickly are Massachusetts residents adopting emerging technologies?

•

What are distributions of customer-reported temperature setpoints 3 and what is the
baseline comfort temperature behavior of Massachusetts homes?

•

What is the delivered fuel consumption for Massachusetts residents using fuel oil?

•

What are the charging patterns of EVs in the home?

In this report, Guidehouse presents key findings from the data collected between January 2017
and September 2021.

1.3 Summary of Research Activities
This study’s research approach and activities followed the step-by-step process outlined in
Figure 1-1. Guidehouse completed each of the initial activities in the first year of the study, with
each subsequent year (phase) including the ongoing activities completed by the Guidehouse
team. Phase 1 of this study occurred in 2016 and was a pilot phase to test the data collection
and analysis protocols prior to applying them to a full statewide sample, proportionally
distributed across PAs. The initial survey and meter installation period, referred to as Phase 2,
occurred between March and June 2017. In Phase 3, the team completed the ongoing panel
study activities, resurveyed previous participants, and replenished lost sample points from
September 2018 through November 2018. The team repeated this process in Phase 4 (October
2019 through March 2020) and Phase 5 (November 2020 through October 2021), including
installing additional data loggers to collect natural gas usage and record space temperature
data. Phase 5 also included additional data collection of EV usage.
Information for each step is provided below the figure, and additional details on the study’s
methodology are contained in Appendix A.

3 The temperature setpoint is the target temperature at which the thermostat attempts to maintain the user-selected
space temperature by controlling the runtime of the connected HVAC equipment—furnace, boiler, air conditioner,
heat pump, etc.
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Figure 1-1. Panel Study Approach for the Residential Building Use and Equipment
Characterization Study

Source: Guidehouse analysis

4

•

INITIAL: Conduct online survey to inventory saturation of several key end uses in
Massachusetts residences. The initial survey asked questions related to the
respondents’ demographics, home characteristics, and home appliances. In the initial
phase, 6,673 online surveys were completed (February-June 2017). 4 The Guidehouse
team supplemented the general population survey for all PAs by targeting geographies
that had a higher saturation of underrepresented priority characteristics such as renter,
low income, multifamily, and non-English speaking households. The surveyed sample
served as the population frame for the metered sample.

•

INITIAL: Draw onsite sample to meet end use confidence and precision targets
determined during the project’s planning phase. The core sample was drawn to maintain
several representativeness quotas. The oversample includes homes with specific undersampled end uses, ensuring all end uses meet the confidence and precision targets.

•

INITIAL: Install electric meters to measure all end uses at core sampled homes and
the sampled end use for oversampled homes. This study uses both electric meters
installed in the panel that communicate remotely via powerline carrier and noncommunicating plug load meters installed at the end use. The team conducted initial site
visits between March and June 2017. Data from the plug load meters has been
downloaded once every 6-12 months since meter installation.

•

ONGOING: Augment metering with additional data collection to meet new research
objectives of the PAs. In Phase 5 of the study, the team added onsite EV data collection
at a sample of 35 homes and remote EV data collection for a sample of 37 vehicles (with
a 4 vehicle overlap between the onsite and remote data collection methods). The total
number of vehicles monitored was 68.

•

ONGOING: Analyze data to determine statewide saturations, equipment
characterizations, typical year load shapes, peak year load shapes by end use, and any
new research objectives. To calculate load shapes, the team aggregated site-level data
to the hourly level to generate per-home average load shapes and peak period
consumption for each end use after being rigorously checked for quality and
completeness. Saturations from survey data were used in conjunction with site-level
metered data to generate both actual and weather-normalized aggregate (statewide)
average load shapes and peak period results.

This does not include the additional 228 Cape Light Compact oversample completes.
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•

ONGOING: Resurvey study participants to determine what changes they made to the
end uses of interest in their home. The Phase 5 follow-up survey received 3,809
completes. Survey respondents who indicated they purchased new equipment within the
last year were offered an additional incentive to take a picture of their new equipment’s
nameplate or invoice for characterization. Of the 1,632 respondents eligible for this
survey module, 832 provided additional information on their new equipment.

•

ONGOING: Replenish lost sample points to maintain a robust and representative
sample of study participants in both the survey-based and onsite data collection
samples. The replenishing survey—called the new customer survey throughout this
report—aimed to recruit the remaining 2,491 respondents to achieve a total surveyed
sample of 6,300 for Phase 5. The team completed the recruitment for this survey via
email and postcards and was targeted to subpopulations that were underrepresented by
the follow-up survey respondents. 5 This survey achieved 2,666 completes with a
response rate of 3.2%. The team also installed meters at 40 new sites to replace sites
where occupants moved or otherwise left the study. These new sites were also targeted
to subpopulations that were underrepresented after study dropouts. 6 In Phase 5, the
team used Mass Save® program participation data from DNV to target additional
recruitment of nonparticipants to achieve better representation of program participants in
the survey and onsite samples.

Table 1-1 shows the measured electric end uses that Guidehouse is providing load shape
results for in this report. Most end uses on this list were identified by the Guidehouse team, the
PAs, or the EEAC during study planning as high priority end uses to measure. End uses that
proved to be inconsequential to the overall load due to either small sample size or small loads
were combined as other heating and cooling, 7 other pumps, 8 and other miscellaneous metered
loads. 9 Unmetered loads, which includes lighting, were calculated by subtracting the metered
end use loads from the metered whole premise loads.

5 The team used email and postcard outreach for customers with valid email addresses in the utility customer
population dataset who were not flagged as “Do Not Contact.” The team used postcard outreach for all remaining
customers.
6 People who move more often (e.g., renters, low-income, non-college-educated, multifamily) tend to leave the onsite
panel at higher rates. Recruitment for panel replenishment focuses on recruiting from these subpopulations and from
program nonparticipants.
7 All cooling-only end uses (room air conditioners [ACs], central ACs, ductless ACs), central heat pumps, whole
house fans, and ground source heat pumps are combined as other heating and cooling.
8 Pool pumps were the only type of pump found to have significant electricity consumption. All other pumps were
combined into the other pumps group, which includes well pumps, booster pumps, sump pumps, and ejector pumps.
9 The other miscellaneous metered loads group includes a long list of rare end uses that were metered but cannot be
statistically extrapolated individually. These end uses include EV chargers, hot tubs, pool heaters, water beds, large
battery chargers, and large fish tanks.
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Table 1-1. Measured Electric End Uses by Category
End Use Category
Heating, ventilation,
and air conditioning
(HVAC)

Measured End Uses
• Central air conditioner (AC)/heat pump

• Hardwired electric heat

• Room AC

• Plug-in electric heat

• Mini-split AC/heat pump*

• Boiler distribution system

• Furnace fan

• Ductless heat pump*
• Other heating and cooling

Kitchen

• Dishwasher

• Freezer

• Refrigerator

• Electric cooktops, ovens, and ranges

• Second refrigerator
Laundry

• Electric clothes dryer

• Electric washer

• Gas clothes dryer*
Water Heating

• Electric water heater

• Gas water heater*

• Heat pump water heater
Miscellaneous

• Pool pumps

• Dehumidifiers

• Other pumps

• Computers and peripherals†

• Primary TVs and peripherals†
• Secondary TVs and

peripherals†

• EV chargers‡
• Other miscellaneous metered loads

* End uses with enough metered data to report on even though they were not identified as high priority end uses.
† Common peripherals for TVs include set-top boxes, DVR/DVD/Blu-ray systems, gaming systems, sound systems,
and steaming media devices. Common peripherals for computers include monitors, printers/scanners, modems and
routers, gaming systems, sound systems, external hard drives, and backup power supplies.
‡ In Phase 5, the team installed electric meters to begin collecting usage data for EV chargers and also began
collecting data remotely through the Rolling Energy Resources (RER) service. This report provides preliminary
findings; future phases of the study will include findings from a longer data collection period.
Source: Guidehouse

Table 1-2 outlines the major study activities and report outputs delivered in Phases 2 through 5
of the study. Guidehouse collected and summarized saturation and characterization data during
each study year. Electric load shape data was collected in each study year, and gas load shape
data was added in Phases 4 and 5. The team updated TRM values in Phases 2 through 4. 10
The team conducted a delivered fuels analysis in Phases 3 and 4 and a setpoint and space
temperature analysis in Phases 4 and 5.

Guidehouse did not update the Phase 5 TRM values due to the influence of the COVID-19 pandemic. The team will
revisit updates in future study phases.
10
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Table 1-2. Study Activities by Phase and Year
Research Activities

Phase 2

Phase 3

Phase 4

Phase 5

2018

2019

2020

2021

Saturation and
Characterization

X

X

X

X

Electric Load Shapes

X

X

X

X*

TRM Values (e.g.,
EFLH, CF, EUL)

X

X

X

X

X

Report Year

Delivered Fuels
Gas Load Shapes

X

X*

Setpoints and Space
Temperature

X

X

EFLH = equivalent full load hours; CF = coincidence factor; EUL = effective useful life
*In Phase 5, electric load shape updates are limited to new end uses added in Phase 5, including electric cooktops
and EV chargers. Other electric and gas end use data was collected through the Phase 5 metering period but is not
summarized in this report due to the influence of the COVID-19 pandemic on equipment usage.
Source: Guidehouse analysis

1.4 Updates from Previous Comprehensive Reports
The initial Phase 2 comprehensive report was published in July 2018, the follow-up Phase 3
comprehensive report was published in April 2019, and the Phase 4 comprehensive report was
published in April 2020. 11 The Phase 5 comprehensive report incorporates the following
improvements and updates made since Phase 4:
•

•

Added a series of questions to the follow-up and new customer surveys asking
respondents to record the following information. Summarized survey responses are
provided in Sections 2.6 and 2.7.
o

Information on make, model, year, and drivable distance of owned EVs, charger
information, and charging behavior (EV owners only).

o

Information on how occupant usage and behavior has changed due to the
COVID-19 pandemic, including perceived energy usage change in 2020 relative
to 2019.

o

Specific behavior changes related to energy usage in 2020 relative to 2019 and
expected permanency of any behavior changes.

o

Changes in working from home in 2020 relative to 2019 and expected
permanency of the changes.

Maintained and installed space temperature loggers, relative humidity loggers, and
whole home natural gas meters at homes in the onsite sample.

11 All previous phases of this ongoing research were called the Residential Baseline Study. The comprehensive
reports and appendices are available on the Massachusetts EEAC website: http://ma-eeac.org/studies/residentialprogram-studies/.
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•

Added nine sites to refine the gas disaggregation end use consumption pilot study for
gas water heaters, clothes dryers, fireplaces, furnaces, and boilers. The methodology is
outlined in Appendix A.3.2. 12

•

Collected nameplate information from the circulator pumps in each site’s boiler system
for all sites in the onsite sample. The characterization data, coupled with the minute
interval metering data, was used to update electronically commutated motor (ECM)
circulator pump savings for the Massachusetts TRM. The results of this study were
provided to the PAs in a standalone impacts memo.

•

Installed metering devices on an oversample of EV chargers in Phase 5. The team
mailed out logging equipment to 17 sites with Tier 1 EV chargers and conducted onsite
visits to install electric meters at 16 sites with Tier 2 chargers. The team began remote
vehicle monitoring through Rolling Energy Resources (RER) on a sample of 34 vehicles.

•

Summarized building characteristics from the onsite sample, including window pane
type, window frame type, and electrical panel main circuit breaker amperage.

1.5 Terminology
Throughout this report, the research results are referenced with various terminology:

12

•

Population: These results are scaled by saturation and show the overall impact to the
system, on average, by home but do not represent the impact from an individual
appliance.

•

For homes with end use: These results only include homes with the relevant end use
installed, irrespective of the saturation of that end use in the population.

•

Miscellaneous end uses: End uses include dehumidifiers, pool pumps, other pumps,
primary and secondary TVs and peripherals, and primary computers and peripherals.

•

Other consumption: Electric or gas consumption that remains after subtracting all the
metered end use consumption from the total home consumption.

•

Summer system peak: For the purposes of this report, summer system peak is defined
as the 2-hour period on a non-holiday weekday in June, July, or August with the highest
average ISO New England system peak load. The weather-normalized summer system
peak was derived from model simulations using the previous 15 years of weather data,
and the year that resulted in the median summer system peak demand was selected.

•

Summer on-peak: Summer on-peak is consistent with the ISO New England summer
on-peak definition: all hours between 1 p.m. and 5 p.m. on non-holiday weekdays in
June, July, and August. This is weather-normalized the same way as summer system
peak.

•

Summer residential peak: For the purposes of this report, summer residential peak is
defined as a forward-looking evening peak, set for 5 p.m.-7 p.m. on the date of the ISO
New England peak load. This is weather-normalized the same way as summer system
peak.

The nine sites were not included in the Phase 5 analysis. The data will be used in future phases of the study.
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•

Summer peak day: These results only include data from the date of the summer
system peak. This is weather-normalized the same way as summer system peak.

•

Winter system peak: For the purposes of this report, winter system peak is defined as
the 2-hour period on a non-holiday weekday in December or January with the highest
average ISO New England system peak load. The weather-normalized winter system
peak was derived from model simulations using the previous 15 years of weather data,
and the year that resulted in the median demand was selected.

•

Winter on-peak: Winter on-peak is consistent with the ISO New England winter onpeak definition: all hours between 5 p.m. and 7 p.m. on non-holiday weekdays in
December and January. This is weather-normalized the same way as winter system
peak.

•

Winter residential peak: For the purposes of this report, winter residential peak is
defined as 7 p.m.-9 p.m. on the date of the winter ISO New England peak load. This is
weather-normalized the same way as winter system peak.

•

Winter peak day: These results only include data from the date of the winter system
peak. This is weather-normalized the same way as winter system peak.

•

Day type: Weekday (average of Monday, Tuesday, Wednesday, Thursday, and Friday),
weekend/holiday (average of Saturday, Sunday, and holidays), or all (average of all
days in the week)

•

Building type: Either single-family detached, single-family attached (2-4 units), or
multifamily (5-plus units).

•

Number of occupants: Number of permanent residents (adults and children) living in
the home.

•

Top 25%: Results are presented for homes that fall in the top 25% of energy consumers
for a given end use and time period.

•

Lighting and other: This is the unmetered portion of the total household electricity use,
composed of all of the end uses that did not get metered, including lighting.

1.6 Abbreviations
Throughout this report, the team references several abbreviations. Terms are defined as follows
and on first use in the text.
•

AC: Air conditioner

•

AMR: Automated meter reading

•

CCF: One hundred cubic feet

•

CF: Coincidence factor

•

DHW: Domestic hot water

•

EEAC: Energy Efficiency Advisory Council

•

EER: Energy efficiency ratio
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•

EF: Energy factor

•

EFLH: Equivalent full load hours

•

EUL: Effective useful life

•

EV: Electric vehicle

•

GW: Gigawatt

•

HDH: Heating degree hour

•

HVAC: Heating, ventilation, and air conditioning

•

ISO: Independent System Operator

•

kBtu: One thousand British thermal units

•

kW: Kilowatt

•

kWh: Kilowatt-hour

•

MMBtu: One million British thermal units

•

PA: Program Administrator

•

PHEV: Plug-in hybrid electric vehicle

•

PV: Photovoltaic

•

RASS: Residential Appliance Saturation Survey

•

SEER: Seasonal energy efficiency ratio

•

TRM: Technical reference manual

•

UEF: Uniform energy factor
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2. Results and Key Findings
This section contains saturation of key end uses and weather-normalized annual electricity
consumption (expressed as average power), summer peak demand, and winter peak demand
findings by end use category. Further end use-specific results are available in Section 3,
including additional breakouts of saturation, annual and monthly consumption, summer and
winter peak demand, and hourly load shapes by end use. Section 3 also summarizes the
characterization of existing and newly installed equipment. The full accompanying datasets,
including additional charts and graphics, are provided as Appendix B to this report. The
Guidehouse team collected metered data from March 2017 through September 2021 and
analyzed the data according to the methodology laid out in Appendix A. 13
The team did not update weather-normalized end use consumption and peak demand in Phase
5 of this study, as the weather-normalized consumption reported in Phase 3 was based on
consumption over a multiyear time period including a wide range of summer and winter
temperatures. All changes in end use consumption and peak demand of weather-normalized
end uses in this report are due to changes in equipment saturations in Phase 5 of this study.

2.1 Saturation of Key End Uses
This section highlights some updated statewide saturations for key end uses and notable
changes in saturations that have occurred since the previous comprehensive report.

13 This report includes electric usage data for new end uses added in Phase 4 or Phase 5, including electric cooktops
(October 2019 through September 2021) and EV chargers (January 2021 through September 2021). The team did
not update the per-home electric and gas usage summaries for the remainder of the electric and gas end uses due to
the influence of the COVID-19 pandemic on electric and gas equipment usage. The per-home usage values are
scaled to the population level using the updated equipment saturations in Phase 5.
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2.1.1 Saturation of Notable Electric End Uses
Figure 2-1 shows the updated saturations for select end uses. These saturation results are
reported as the proportion of homes with the end use in the population. The population is
defined as all customer accounts within the PA service territories. The full record of updated
saturations and changes in saturations are available in Appendix B. The characterization data
collected for existing units in the onsite visits and for survey respondents who indicated they had
purchased new equipment in the last year is summarized in the end use-specific sections for
end uses with adequate data in Section 3.
Figure 2-1. Updated Saturation for Select End Uses

Source: Guidehouse analysis

Figure 2-2 shows the trends in saturation between 2018 and 2021 for select end uses. 14 The
proportion of homes with central ACs, mini-split heat pumps, dehumidifiers, and air cleaners
increased steadily between 2018 and 2021. It appears that homes with room or window ACs
may be leveling off or decreasing over time, perhaps as the saturation of customers with central
ACs or mini-split heat pumps increase over time. Future study phases will continue to track
room / window AC saturation over time.

14 The saturations from 2017 have not been included in the saturation trend plots in this report due to differences in
the survey instrument used in 2017 compared to the other survey years; these differences make comparisons with
future years misleading.
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Figure 2-2. Saturation Trends for Select End Uses

Source: Guidehouse analysis

Key Finding: The saturations of cooling end uses are increasing over time,
potentially driven by hot temperatures in recent summer seasons.

Key Finding: The saturation of dehumidifiers and air cleaners are also increasing
steadily over time.

2.1.2 Saturation of Gas and Oil End Uses
This section shows the saturation findings for all gas- and oil-specific end uses the Guidehouse
team studied in this research. 15
Figure 2-3 shows the current saturation of gas end uses. Figure 2-4. and Figure 2-5 provide
supporting documentation for the current saturations by showing the number of residents that
purchased new gas equipment (number of homes that added the gas end use in the last year)

The team identified a limitation in the methodology used to derive gas and oil saturations. The proportion of survey
respondents with gas service may not be the same as the statewide proportion of customers with gas service. The
team plans to add a survey question to apply an adjustment to correct for this in future study phases.
15
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and the proportion of existing gas units replaced or retired in Massachusetts in the last year
(number of units replaced or retired over all households).
Figure 2-3. Gas End Uses Saturation

Source: Guidehouse analysis

Figure 2-4. Proportion of Homes that Purchased Gas End Uses in the Last Year

Source: Guidehouse analysis
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Figure 2-5. Proportion of Existing Gas Units Replaced or Retired in the Last Year

Source: Guidehouse analysis

Figure 2-6 shows the current saturation of oil end uses. Figure 2-7 provides supporting
documentation for the current saturations by showing the number of residents that purchased
new oil equipment in the last year (number of homes that added the oil end use in the last year).
Figure 2-6. Oil End Uses Saturation

Source: Guidehouse analysis
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Figure 2-7. Proportion of Homes that Purchased Oil End Uses in the Last Year

Source: Guidehouse analysis

2.1.3 Saturation of Internet-Connected End Uses
Figure 2-8 shows the saturation of internet-connected end uses according to the survey
administered in 2020-2021. The most common internet-connected end uses are thermostats, 16
TVs, smart speakers or hubs, and cameras.

Customers were asked about saturations of Wi-Fi-enabled thermostats in two locations in the customer survey.
One instance was in the question asking about quantities of Wi-Fi-connected devices with thermostats listed as an
equipment category. Twenty-five percent of respondents reported Wi-Fi-enabled thermostats in this question. In a
different question, customers were asked to record the quantities and type of thermostats they have in their home,
with smart or Wi-Fi-enabled thermostats listed as an option. Sixteen percent of respondents reported having smart or
learning thermostats in this question. Several programmable thermostat models have Wi-Fi connectivity, but
customers may not consider them smart, which can explain some of the discrepancy in proportions between these
two questions.
16
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Figure 2-8. Saturation of Internet-Connected End Uses

Source: Guidehouse analysis

Figure 2-9 shows the increase in saturation among internet-connected devices from 2019 to
2020-2021. This figure illustrates that the same appliances with higher saturation are also the
ones with the highest increase in saturation, on a percentage basis, in the last year. Of homes,
12% added smart speakers or hubs in the last year, while 8% added Wi-Fi-connected cameras,
7% added Wi-Fi-connected TVs, and 6% added Wi-Fi-connected thermostats or outlets in the
last year. The prevalence of internet-connected laundry, kitchen, and water heating devices did
not increase markedly in the last year.
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Figure 2-9. Proportion of Homes that Added Internet-Connected Equipment in the Last
Year

Source: Guidehouse analysis

Key Finding: Of homes, 7% report internet-connected electric dryers, opening
opportunities for demand control programs.

2.2 Annual Electricity Consumption
The electricity consumption of each end use category for the average home in the population is
shown in Figure 2-10, which includes homes with electric, gas, oil, and other HVAC and water
heating end uses. 17 The consumption of each end use individually is shown in Figure 2-11.
While seven different end uses consume at least 300 kWh per household, dehumidifiers have
about the same annual consumption as electric water heaters or room ACs, offering larger-thanexpected energy efficiency opportunities.

Miscellaneous end uses include primary and secondary TVs and their peripherals, primary desktop computers and
their peripherals, dehumidifiers, pool pumps, and other pumps such as sump pumps, well pumps, and discharge
pumps. Lighting and Other end uses include the unmetered load in this study.
17
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Figure 2-10. Population Average Annual Electric Energy Consumption by End Use
Category

Note: Miscellaneous end uses include dehumidifiers, pool pumps, other pumps,
primary and secondary TVs and computers and their peripherals. Other consumption
is the consumption that remains after subtracting all of the metered end use
consumption from the total home consumption.
Source: Guidehouse analysis

Figure 2-11. Population Average Annual Electric Energy Consumption by End Use

Source: Guidehouse analysis
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Figure 2-12 shows the monthly average energy consumption for each end use category,
demonstrating that all end use categories include end uses with some level of seasonal
variability.
Figure 2-12. Population Average Electric Energy Consumption by Month and End Use
Category

Source: Guidehouse analysis

Key Finding: While HVAC is the most seasonally variable end use category,
refrigerators, water heaters, dehumidifiers, and pool pumps all contribute seasonal
variation.
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Figure 2-13 shows the same information as Figure 2-12 broken out by end use to illustrate the
seasonality of each end use category.
Figure 2-13. Population Average Electric Energy Consumption by Month Split by End Use
Category

Source: Guidehouse analysis

Figure 2-14 shows the breakdown of average energy usage by several key building
demographics. Average energy usage at the end use category level is most highly correlated
with the number of occupants and weekday occupancy. Owner-occupied homes and singlefamily detached homes also tend to have higher energy use. Further breakdowns of energy and
demand by demographic and end use categories are available in Appendix B.
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Figure 2-14. Average Annual Electric Energy Consumption by End Use Category
and Building/Occupancy Demographics

*Insufficient data to present results.
Source: Guidehouse analysis
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Figure 2-15 illustrates the relationship between saturation, energy consumption per home with
the end use, and energy consumption for all homes. The x-axis shows saturation; average
energy consumption for homes that have a given end use is on the y-axis. The gray lines in the
figure represent constant statewide energy consumption, which is determined by multiplying the
average energy consumption per home by the proportion of homes with the end use.
Figure 2-15. End Use Saturation and Annual Electric Energy Consumption for Homes
with End Use

Note: As of this report writing, the data collection period for EVs was insufficient to include as a datapoint in this plot.
Source: Guidehouse analysis

Key Finding: Statewide electricity consumption from certain high consumption, low
saturation end uses like mini-split heat pumps and central AC increased between
2017 and 2021. This consumption could increase dramatically with increased
adoption over time.
Table 2-1 shows the energy consumption of individual metered end uses for homes with the end
use and averaged across the entire population of homes in Massachusetts.
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Table 2-1. Annual Electric Energy Consumption by End Use
End Use
Category

HVAC

Saturation
across MA
Homes
[A]

Annual
Electricity per
Home with
End Use
(kWh)
[B]

Population
Annual
Electricity per
Home (kWh)
[C = A x B]

Percentage of
Annual
Electricity Load
(%)
[C/∑C]

Central Air Conditioner/Heat Pump

0.35

1,390

490

7%

Room or Window Air Conditioner

0.53

563

297

4%

Hardwired Electric Heat

0.15

1,250

194

3%

Plug-in Electric Heat

0.52

374

196

3%

Boiler Distribution

0.57

311

178

2%

Furnace Fan

0.29

500

145

2%

Mini-Split Heat Pump

0.073

2,020

148

2%

Mini-Split Air Conditioner/Heat
Pump

0.095

539

51

1%

End Use

HVAC - Other

1

N/A

94

1%

N/A

N/A

1,794

24%

Water Heater - Electric

0.18

2,440

441

6%

Water Heater - Natural Gas/Fuel
Oil

0.44

57

25

< 0.5%

Water Heater - Heat Pump

0.015

1,250

19

< 0.5%

Water Heating Total

N/A

N/A

485

7%

Primary Refrigerator

0.99

557

549

8%

Oven, Range, or Cooktop - Electric

0.53

354

189

3%

Secondary Refrigerator

0.32

386

125

2%

Freezer

0.24

438

106

1%

Dishwasher

0.78

121

94

1%

N/A

N/A

1,063

15%

Clothes Dryer - Electric

0.61

769

468

6%

Clothes Washer

0.82

54

44

1%

Clothes Dryer - Natural Gas

0.22

63

14

< 0.5%

N/A

N/A

526

7%

0.92

406

374

5%

Dehumidifier

0.4

832

334

5%

Secondary TVs and Peripherals

0.67

364

244

3%

Primary Desktop Computer

0.44

330

146

2%

Pool Pump

0.079

1,170

92

1%

Other Pump

N/A

N/A

34

1%

HVAC Total

Water Heating

Kitchen

Kitchen Total

Laundry

Laundry Total
Primary TV and Peripherals

Miscellaneous

Misc. Metered
Lighting and
Other*
All

1

N/A

50

1%

Miscellaneous Total

N/A

N/A

1,275

17%

Lighting and Other

N/A

N/A

2,190

30%

N/A

N/A

7,337

100%

N/A

*Lighting and Other is the remaining load after subtracting all other end uses from the whole home total consumption.
Source: Guidehouse analysis
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2.3 Peak Electric Demand
Figure 2-16 shows the average demand for five periods by end use category. As laid out in
Section 1.5 and shown in Table 2-2, two summer peak periods and two winter peak periods are
defined—one called on-peak, the other called system peak—with results presented for each
throughout the report. The team calculated two other peaks, but they are only presented in a
limited number of cases.
Table 2-2. Peak Period Definitions
Included Peak
Periods
Days

Summer On-Peak

Summer System Peak

Non-holiday weekdays in June, July, August

Winter On-Peak

Winter System Peak

Non-holiday weekdays in December and January

1 p.m.-5 p.m.

Highest two
consecutive hours

5 p.m.-7 p.m.

Highest two
consecutive hours

Summer Seasonal
Peak

Summer Residential
Peak

Winter Seasonal Peak

Winter Residential
Peak

Days

Non-holiday weekdays
in June, July, August

Single non-holiday
weekday in June, July,
or August with the
highest load

Non-holiday weekdays
in June, July, August

Single non-holiday
weekday in December
and January with the
highest load

Times

All hours exceeding
90% of the most recent
50/50 forecast 18

5 p.m.-7 p.m.

All hours exceeding
90% of the most recent
50/50 forecast

7 p.m.-9 p.m.

Times
Other Peak
Periods

Source: Guidehouse analysis

Figure 2-16. Average Weather-Normalized Demand for Five Periods by End Use

Source: Guidehouse analysis

Independent System Operator of New England, Forecast Report of Capacity, Energy, Loads, and Transmission
Report: https://www.iso-ne.com/system-planning/system-plans-studies/celt

18
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Figure 2-17 compares the four different summer peak demand periods and the four different
winter peak demand periods considered for this work, as defined in Table 2-2. The summer
system peak for HVAC end uses is more than twice as high as the on-peak average. 19 For
lighting and other, the later in the afternoon/evening the peak occurs, the higher the impact, with
the evening-focused residential peaks having the highest impacts. For other end use categories,
the choice of peak period does not have much effect on the results.
Figure 2-17. Summer and Winter Weather-Normalized Peak Load by End Use Category

Source: Guidehouse analysis

The difference in peak definitions has significant implications for determining benefits from HVAC measures, which
are discussed further in Section 4.

19
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2.3.1 Summer Peak Demand
The peak day load shapes by end use category are shown in Figure 2-18. This figure illustrates
that summer peak demand is driven primarily by HVAC loads. Figure 2-19 shows a more
granular breakdown of end use load shapes.
Figure 2-18. Weather-Normalized Summer Peak Day End Use Category Load Shapes

Source: Guidehouse analysis

Key Finding: Cooling is responsible for half of summer peak demand.
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Figure 2-19. Weather-Normalized Summer Peak Day End Use Load Shapes

Source: Guidehouse analysis

Key Finding: Refrigerators, dehumidifiers, clothes dryers, TVs and their peripherals,
and pool pumps also contribute to the summer peak demand in Massachusetts.
Figure 2-20 and Figure 2-21 compare the whole summer average demand for each end use
across the 2017, 2018, and 2019 summers and the normalized result for both the entire
population of Massachusetts and for each home with the end use, respectively.
Similarly, Figure 2-22 and Figure 2-23 compare summer peak average demand for each end
use across the 2017, 2018, and 2019 summers and the normalized result for both the entire
population of Massachusetts and for each home with the end use, respectively.
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Figure 2-20. Whole Summer Average Demand Comparison for Population

Source: Guidehouse analysis

Figure 2-21. Whole Summer Average Demand Comparison per Home with End Use

Source: Guidehouse analysis
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Key Finding: The higher temperatures in Massachusetts in summer 2018 resulted in
higher average consumption for all cooling end uses.
Figure 2-22. Summer System Peak Demand Comparison for Population

Source: Guidehouse analysis
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Figure 2-23. Summer System Peak Demand Comparison per Home with End Use

Source: Guidehouse analysis

The system peak demand from mini-split ACs/heat pumps and room ACs increased 20%
between 2017 and 2018 and remained constant between 2018 and 2019; conversely, 2019
system peak demand for central ACs and heat pumps was approximately 20% lower than in
2018, but similar to 2017 and the normalized consumption. System peak demand for electric
water heaters was higher in 2019 than in 2018.

Key Finding: The relative contribution of end uses to overall peak demand varies
depending on the year.
Figure 2-24 shows summer peak demand by end use category split by key building/occupancy
demographics.
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Figure 2-24. Weather-Normalized Summer System Peak Demand by End Use Category
and Building/Occupancy Demographics

*Insufficient data to present results.
Source: Guidehouse analysis
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Figure 2-25 illustrates the relationship between saturation, summer demand per home with the
end use, and summer demand for all homes. The x-axis shows saturation; peak demand for
homes that have a given end use is on the y-axis. The gray lines represent constant statewide
summer demand, which is determined by multiplying the summer demand per home by the
proportion of homes with the end use. High saturation but low demand end uses like primary
TVs and their peripherals contribute roughly the same demand, on average, as end uses with
low saturation and high demand like pool pumps. This is evident in the figure by both end uses
being approximately equidistant from the line of constant demand.
Figure 2-25. End Use Saturation and Summer System Peak Demand for Homes with End
Use

Source: Guidehouse analysis

Key Finding: The top contributors to summer peak demand across all homes in
Massachusetts are central ACs and room ACs.
Figure 2-26 shows how the distribution of peak demand across households may influence the
savings achievable by targeting high users. End uses with a bigger difference between the
mean of the top 25% and the median of all users have peak demand more concentrated in a
smaller number of houses, meaning they offer larger opportunities for targeting. Figure 2-27
shows the fraction of homes with an end use that has a peak demand higher than 0.2 kW.
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Figure 2-26. Summer System Peak Demand for Top 25% of Users of Each Metered End
Use

Source: Guidehouse analysis

Figure 2-27. Proportion of Homes with Summer System Peak Demand
Greater than 0.2 kW for Each Measured End Use

Source: Guidehouse analysis
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Table 2-3 shows average peak demand and saturation values for each end use.
Table 2-3. Weather-Normalized Summer Peak Demand by End Use
End Use Category

End Use

Lighting and Other*

Central Air Conditioner/Heat Pump
Room or Window Air Conditioner
Mini-Split Air Conditioner/Heat Pump
HVAC - Other
HVAC Total
Water Heater - Electric
Water Heater - Natural Gas/Fuel Oil
Water Heater - Heat Pump
Water Heating Total
Primary Refrigerator
Secondary Refrigerator
Oven, Range, or Cooktop - Electric
Freezer
Dishwasher
Kitchen Total
Clothes Dryer - Electric
Clothes Washer
Clothes Dryer - Natural Gas
Laundry Total
Dehumidifier
Pool Pump
Primary TV and Peripherals
Secondary TVs and Peripherals
Primary Desktop Computer
Other Pump
Misc. Metered
Miscellaneous Total
Lighting and Other

All

N/A

HVAC

Water Heating

Kitchen

Laundry

Miscellaneous

Saturation
in MA

System Peak
Demand per
Home (kW)

On-Peak
Demand per
Home (kW)

Population
System Peak
Demand (kW)

Population OnPeak Demand
(kW)

Percent of
Population
System Peak
Load (%)

Percent of
Population
On-Peak
Load (%)

0.35
0.53
0.095
1
N/A
0.18
0.44
0.015
N/A
0.99
0.32
0.53
0.24
0.78
N/A
0.61
0.82
0.22
N/A
0.4
0.079
0.92
0.67
0.44
N/A
1
N/A
N/A

1.93
0.68
0.69
N/A
N/A
0.24
0.0063
0.12
N/A
0.088
0.067
0.04
0.061
0.0086
N/A
0.084
0.0072
0.0075
N/A
0.2
0.68
0.049
0.064
0.042
N/A
N/A
N/A
N/A

0.8
0.27
0.26
N/A
N/A
0.18
0.0056
0.11
N/A
0.078
0.06
0.039
0.059
0.0096
N/A
0.099
0.007
0.0086
N/A
0.18
0.62
0.043
0.056
0.042
N/A
N/A
N/A
N/A

0.68
0.36
0.065
0.015
1.12
0.044
0.0028
0.0018
0.049
0.087
0.022
0.021
0.015
0.0067
0.15
0.051
0.0059
0.0017
0.059
0.081
0.054
0.045
0.043
0.019
0.003
0.0093
0.25
0.33

0.28
0.14
0.024
0.011
0.46
0.033
0.0025
0.0017
0.037
0.077
0.02
0.021
0.014
0.0075
0.14
0.06
0.0057
0.0019
0.068
0.072
0.049
0.04
0.038
0.019
0.0029
0.013
0.23
0.26

35%
18%
3%
1%
57%
2%
< 0.5%
< 0.5%
3%
4%
1%
1%
1%
< 0.5%
8%
3%
< 0.5%
< 0.5%
3%
4%
3%
2%
2%
1%
< 0.5%
1%
13%
17%

24%
12%
2%
1%
39%
3%
< 0.5%
< 0.5%
3%
6%
2%
2%
1%
1%
12%
5%
1%
< 0.5%
6%
6%
4%
3%
3%
2%
< 0.5%
1%
20%
22%

N/A

N/A

N/A

1.96

1.19

100%

100%

*Lighting and Other is the remaining load after subtracting all other end uses by the whole home total consumption.
Source: Guidehouse analysis
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2.3.2 Winter Peak Demand
Figure 2-28 shows the peak day load shapes by end use category. This figure demonstrates
that winter peak demand values are driven primarily by loads not individually metered in this
study, which includes lighting. A more granular breakdown of end use load shapes is shown in
Figure 2-29. The end use-specific saturations and average peak demand values for the winter
peak are shown in Table 2-4.
Figure 2-28. Weather-Normalized Winter Peak Day End Use Category Load Shapes

Source: Guidehouse analysis

Key Finding: Lighting and other unmetered loads contributed most to
Massachusetts’ winter peak demand. These end uses include lighting and various
small plug loads. On winter peak days, HVAC loads are large but relatively flat.
Miscellaneous loads are driven by primary and secondary TVs and peripherals.
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Figure 2-29. Weather-Normalized Winter Peak Day End Use Load Shapes

Source: Guidehouse analysis

Key Finding: When the major end uses are disaggregated further, no single HVAC
end use dominates winter peak demand. Hardwired electric heat, plug-in electric
heat, boiler distribution, furnace fans, and mini-split heat pumps all contribute about
the same to winter peak, adding up to HVAC as a whole presenting significant
savings opportunities. Savings opportunities may also exist for clothes dryers and
water heaters.
Figure 2-30 shows that the same building and occupancy demographics that drive the summer
peak also drive the winter peak. Demand is highest for owner-occupied, single-family homes
and is proportional to the number of occupants in the home. Demand is also higher across
nearly all end uses when any occupant is home on weekdays. Winter peak demand
consumption values by end use are detailed in Table 2-4.
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Figure 2-30. Weather-Normalized Winter System Peak Demand by End Use Category and
Building/Occupancy Demographics

*Insufficient data to present results.
Source: Guidehouse analysis
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Figure 2-31 illustrates the relationship between saturation, winter demand per home with the
end use, and winter demand for all homes. The x-axis shows saturation; winter demand for
homes that have a given end use is on the y-axis. The gray lines represent constant statewide
winter demand, which is determined by multiplying the average energy consumption per home
by the proportion of homes with the end use. High saturation but low demand end uses like
primary TVs and their peripherals account for roughly the same winter demand, on average, as
end uses with low saturation and high demand like electric water heaters.
Figure 2-31. End Use Saturation and Winter System Peak Demand for Homes with End
Use

Source: Guidehouse analysis

Key Finding: If saturation of ductless heat pumps continues to rise, they could
quickly become the single most important driver of winter peak aside from lighting.
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Figure 2-32 shows the peak demand for high users of each end use, which is much higher than
the median for many end uses. Further electrification of homes (with heat pumps providing
primary heating needs) could further drive electric resistance backup heat usage relative to
homes with a gas, oil, or propane central heating system that may require less backup electric
resistance heat to maintain a homes’ heating setpoint. The capacity of heat pump systems are
reduced in the coldest hours of the year, whereas gas- or fuel-fired furnaces and boilers do not
experience the same reduced capacity. Therefore, backup electric resistance heat may further
increase as heat pump adoption increases.
Figure 2-32. Winter System Peak Demand for Top 25% of Users of Each Metered End Use

Source: Guidehouse analysis
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Figure 2-33 shows the fraction of homes with the end use that consume more than 0.2 kW
during peak. These figures illustrate that many households have low usage of HVAC end uses
during peak and that winter peak demand is driven by a small number of homes.
Figure 2-33. Proportion of Homes with Winter System Peak Demand Greater than 0.2 kW
for Each Measured End Use

Source: Guidehouse analysis
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Table 2-4. Weather-Normalized Winter Peak Demand by End Use
End Use Category

End Use

Lighting and Other*

Hardwired Electric Heat
Plug-in Electric Heat
Boiler Distribution
Furnace Fan
Mini-Split Heat Pump
HVAC - Other
HVAC Total
Water Heater - Electric
Water Heater - Natural Gas/Fuel
Oil
Water Heater - Heat Pump
Water Heating Total
Oven, Range, or Cooktop - Electric
Primary Refrigerator
Dishwasher
Secondary Refrigerator
Freezer
Kitchen Total
Clothes Dryer - Electric
Clothes Washer
Clothes Dryer - Natural Gas
Laundry Total
Primary TV and Peripherals
Secondary TVs and Peripherals
Primary Desktop Computer
Dehumidifier
Other Pump
Misc. Metered
Miscellaneous Total
Lighting and Other

All

N/A

HVAC

Water Heating

Kitchen

Laundry

Miscellaneous

Saturation
in MA

System Peak
Demand per
Home (kW)

On-Peak
Demand per
Home (kW)

Population
System Peak
Demand (kW)

Population OnPeak Demand
(kW)

Percent of
Population
System Load
(%)

Percent of
Population OnPeak Load (%)

0.15
0.52
0.57
0.29
0.073
1
N/A
0.18

0.64
0.19
0.14
0.23
0.8
N/A
N/A
0.5

0.37
0.14
0.091
0.14
0.55
N/A
N/A
0.53

0.1
0.1
0.078
0.067
0.059
0.0024
0.41
0.091

0.057
0.073
0.052
0.041
0.04
0.0018
0.27
0.095

7%
7%
5%
5%
4%
< 0.5%
28%
6%

5%
6%
4%
3%
3%
< 0.5%
22%
8%

0.44

0.0096

0.0084

0.0042

0.0037

< 0.5%

< 0.5%

0.015
N/A
0.53
0.99
0.78
0.32
0.24
N/A
0.61
0.82
0.22
N/A
0.92
0.67
0.44
0.4
N/A
1
N/A
N/A

0.21
N/A
0.17
0.061
0.016
0.032
0.041
N/A
0.12
0.0066
0.0061
N/A
0.07
0.056
0.044
0.028
N/A
N/A
N/A
N/A

0.21
N/A
0.18
0.063
0.016
0.035
0.043
N/A
0.13
0.0075
0.01
N/A
0.071
0.051
0.044
0.028
N/A
N/A
N/A
N/A

0.0032
0.098
0.091
0.06
0.012
0.01
0.01
0.18
0.072
0.0054
0.0013
0.079
0.064
0.038
0.019
0.011
0.0036
0.0086
0.14
0.53

0.0032
0.1
0.095
0.063
0.013
0.011
0.011
0.19
0.082
0.0061
0.0022
0.09
0.066
0.034
0.019
0.011
0.0041
0.0075
0.14
0.41

< 0.5%
7%
6%
4%
1%
1%
1%
13%
5%
< 0.5%
< 0.5%
6%
5%
3%
1%
1%
< 0.5%
1%
10%
37%

< 0.5%
9%
8%
5%
1%
1%
1%
16%
7%
1%
< 0.5%
8%
6%
3%
2%
1%
< 0.5%
1%
12%
34%

N/A

N/A

N/A

1.44

1.2

100%

100%

*Lighting and Other is the remaining load after subtracting all other end uses by the whole home total consumption.
Source: Guidehouse analysis
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2.4 Annual Gas Consumption and Peak Demand
This section provides annual gas consumption and peak day consumption for key end uses as
determined through the gas end use consumption study, which is detailed in Appendix A.3.2
and Appendix A.4.4.
Figure 2-34 provides the typical annual, seasonal, and winter peak day gas consumption for
each gas end use. This plot summarizes the typical consumption values only for homes with the
end use. Space heating end uses dominate gas consumption over the year and especially
during winter peak days. The boiler consumption includes some portion of hot water end use
consumption, as a considerable portion of the boilers in Massachusetts are combination boilers
providing space heating and water heating functions. 20
Figure 2-34. Average Gas Demand by Time Period and End Use for Homes with End Use

Source: Guidehouse analysis

Figure 2-35 provides the typical annual, seasonal, and winter peak day gas consumption for
each end use expressed as a population average (saturation of gas end uses multiplied by the
average demand per home with the end use).

20 The domestic hot water consumption associated with the boiler end use is witnessed in the summer months where
the average boiler consumption is non-zero.
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Figure 2-35. Population Average Gas Demand by Time Period and End Use

Source: Guidehouse analysis

Figure 2-36 shows the monthly average gas consumption for each end use category for the
average Massachusetts customer (with or without gas service).
Figure 2-36. Population Average Gas Energy Consumption by Month and End Use

Source: Guidehouse analysis
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Figure 2-37 shows the same average gas consumption for the average Massachusetts
customer as Figure 2-36 but is broken out by end use to illustrate the seasonality of each end
use category.
Figure 2-37. Population Average Gas Energy Consumption by Month Split by End Use

Source: Guidehouse analysis

Figure 2-38 provides the typical hourly gas demand by end use for the average Massachusetts
customer (with or without gas service) on the average winter day and the winter peak day.
Guidehouse calculated these values by multiplying the saturation of each end use in
Massachusetts homes by the typical hourly demand profiles in homes with the end use. The
peak in gas consumption occurs from 5 a.m. to 9 a.m., with a secondary peak from 3 p.m. to
9 p.m. on both the average and peak winter days.
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Figure 2-38. Weather-Normalized Winter Peak Day Gas End Use Load Shapes

Source: Guidehouse analysis

Figure 2-39 provides the typical hourly gas end use consumption for the average winter day and
the winter peak day. This plot summarizes the typical consumption values only for homes with
the end use. Space heating end uses peak from 5 a.m. to 9 a.m., with a secondary peak from
3 p.m. to 9 p.m.; space heating is the primary driver for increased gas consumption during the
winter peak day. Water heater consumption peaks from 7 a.m. to 9 a.m. and again from around
7 p.m. to 9 p.m., with a fairly flat consumption profile from 9 a.m. to 7 p.m. Overnight gas
consumption for water heaters is relatively low.
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Figure 2-39. Weather-Normalized Winter Peak Day Gas End Use Load Shapes for Homes
with End Use

Source: Guidehouse analysis

Key Finding: The average natural gas demand is approximately 60% larger on the
peak day than the typical winter day. Hourly residential natural gas demand peaks in
the morning hours between 5 a.m. and 9 a.m., with a secondary peak between
3 p.m. and 9 p.m. The morning peak is approximately 20% larger than the evening
peak.
Key Finding: Approximately 10 kW of electric demand would be added per home
during the morning peak on the winter peak day for each home that converts from all
existing gas end uses to electric resistance heat and hot water.
If these loads were met with heat pumps with an average coefficient of performance
of 2.0 instead, this would add 5 kW per home. The impact of converting 1 million
Massachusetts homes from gas to electricity would increase winter peak demand by
5 GW-10 GW, increasing winter peak by 50%-100% and making winter peak
significantly higher than summer peak.
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Table 2-5 shows the breakdown of average gas consumption by end use for homes with the
end use and averaged across the entire population of homes in Massachusetts.
Table 2-5. Weather-Normalized Annual and Winter Peak Day Gas Consumption by End
Use
End Use
Boiler
Furnace
Water Heater
Clothes Dryer
All Other
Total

Saturation
in MA

Annual
Demand
per Home
(therms/yr)

Winter Peak
Day Demand
per Home
(therms/day)

Population
Annual
Demand
(therms/yr)

Population
Winter Peak
Day Demand
(therms/day)

Percent of
Population
Annual
Load (%)

Percent of
Population
Winter Peak
Day Load
(%)

0.31
0.24
0.39
0.22
1

796
580
161
35.9
21

8.3
6.94
0.48
0.098
0.048

249
137
63.1
8.06
21

2.59
1.63
0.19
0.022
0.048

52%
29%
13%
2%
4%

58%
36%
4%
< 0.5%
1%

N/A

N/A

N/A

478

4.48

100%

100%

Source: Guidehouse analysis

2.5 Thermostats, Setpoints, and Space Temperature
Figure 2-40 shows the current saturation of thermostat types. The predominant thermostat type
is the programmable thermostat followed by the manual thermostat. Of homes in the survey
sample, 16% have a smart or learning thermostat. The saturation values add up to more than 1
because many homes have multiple thermostat types present. Remote control thermostats
appear to serve ductless heat pumps and room ACs.
Figure 2-40. Thermostat Type Saturation

Source: Guidehouse analysis
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Figure 2-41 shows the average logged space temperature by thermostat type for the summer
and winter peak days and for the average day in July (summer) and January (winter). In the
summer period, the team only included space temperature for spaces cooled by central AC,
mini-split AC, or heat pump and did not include data for spaces cooled by room or window
ACs. 21
In the summer period (July 2020 and July 2021) programmable and smart thermostats had
approximately the same space temperatures throughout the day, while homes with manual
thermostats had between 1.5°F and 2°F higher space temperatures during all hours of the day
relative to the other thermostat types. On the summer peak day, the average logged space
temperature for smart thermostats and programmable thermostats was approximately 1°F
higher across all hours of the day relative to the average July day. Homes with manual
thermostats had 2°-4°F higher space temperatures on the peak day relative to the average July
day.
In the winter period (January 2020 and January 2021), the average logged space temperature
over all hours of the day was approximately 67°F. Throughout the day, the logged temperatures
for spaces controlled by a manual thermostat saw the least amount of variation, while smart
thermostats saw the highest. Over the course of the day, smart thermostats realized the largest
change in measured temperatures. On the winter peak day, the average logged space
temperature across programmable and manual thermostats was approximately 1°F lower
across all hours of the day relative to the average January day. Homes with smart thermostats
were up to 2°F-3°F cooler than the average January day. Care must be taken when interpreting
the results for smart thermostats because only a small smart thermostat sample was included in
the onsite metered sample (n=10 during the summer, n=12 during the winter). 22

21 The average logged space temperature and setpoint values in this report section were calculated using a trimmed
mean, which removed the top and bottom 15% of values before calculating the mean. The primary reason for doing
so is to account for customers that indicated that their system was off for a given hour. These values could not be
included with a straight mean but could be included in a trimmed mean by setting them to the highest (cooling) or
lowest (heating) setpoints, and then setting the trim threshold such that all off points (and a corresponding number of
points at the other end of the range) were removed before calculating the mean.
22 The onsite sample had 18 homes with smart thermostats, 16 of which had space temperature data loggers
installed. After removing room and window AC cooled spaces from the analysis and filtering down to sites with
sufficient logged data collection for the summer and winter time periods, the remaining sample of homes with smart
thermostats is 10 in the summer and 12 in the winter.
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Figure 2-41. Logged Space Temperatures by Thermostat Type for Onsite Sample

Source: Guidehouse analysis

Figure 2-42 shows the average hourly customer-reported setpoint temperatures (from the
customer survey) over the course of the day compared to the average space temperature
logged onsite for the subset of customers that completed the online survey and have space
temperature loggers installed in their homes.
In the summer period, the average customer-reported setpoint temperature was between 70°F
and 76°F over the course of the day across all thermostat types. The average logged space
temperature during the summer period was up to 4°F higher on average across most hours of
the day relative to the customer-reported setpoints. The summer period may have a larger
discrepancy between logged space temperature and customer-reported setpoints due to
customers having variable system operation (on and off events) during the summer, whereas in
the winter the heating systems are operational (on) for all or most of the time.
In the winter period, customers reported setting back their thermostat setpoints by
approximately 2°-3°F in the night hours (~10 p.m.-6 a.m.). During these hours, the average
logged space temperature decreased gradually. Customers reported similar nighttime
temperature setbacks across all thermostat types. Care must be taken when interpreting the
smart thermostat results because only a small smart thermostat sample was included in this
analysis (n=7 during the summer, n=9 during the winter). 23

23 The quantity of customers with smart thermostats in the onsite logged space temperature analysis who also
completed the customer survey was seven in the summer period and nine in the winter period.
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Figure 2-42. Average Customer-Reported Temperature Setpoints vs. Average Logged
Space Temperatures by Thermostat Type for Onsite Sample

Source: Guidehouse analysis

Figure 2-43 shows the change in average metered space temperature in the winter 2019-2020
period (before COVID-19) and for the winter 2020-2021 period (during COVID-19) for the same
subset of customers that have data collection during both periods. This plot includes all homes
in the logged space temperature sample irrespective of thermostat type. Average logged space
temperatures are approximately the same between the two periods, with up to a 0.25°F higher
space temperate for the before COVID-19 period in the middle of the day.
Figure 2-43. Average Logged Space Temperatures Before and During the COVID-19
Period

Source: Guidehouse analysis
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2.6 COVID-19 Pandemic Impacts to Electric and Gas Usage
This section provides the results of the COVID-19 pandemic impacts to usage analysis.
Guidehouse added questions to the Phase 5 customer survey to determine customer usage
behavior changes during the COVID-19 period (see Appendix A.1). The team also analyzed the
usage data during the pre-COVID-19 (April 2019-March 2020) and during COVID-19 (April
2020-March 2021) periods to determine changes to end use consumption, as Appendix A.4.7
describes. 24
Figure 2-44 shows the proportion of customers who indicated their energy consumption
increased, decreased, or stayed the same during the COVID-19 period. Approximately 35% of
customers indicated their energy consumption increased during the COVID-19 period, and 35%
indicated it stayed the same. Only 5% of customers indicated it decreased. About 25% of
customers did not know how their energy usage changed.
Figure 2-44. Self-Reported Change in Home Energy Consumption from 2019 to 2020

Source: Guidehouse analysis

24 The team limited the pre- and during COVID data periods used in the analysis to 1 calendar year for sites that had
data collection during both periods.
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Figure 2-45 summarizes how self-reported customer behavior and energy usage has changed
during the COVID-19 period. Approximately two-thirds of households reported they were staying
home more during the pandemic, and more than 30% expect this to be a permanent impact
going forward (as of an individual’s survey completion date, which ranged from late 2020
through September 2021. Around 20% of sites expect working from home and more cooking at
home to be permanent changes in their households.
Figure 2-45. Self-Reported Household Behavior and Energy Usage Changes Since Early
2020

Source: Guidehouse analysis

Figure 2-46 summarizes the frequency at which customers work from home, including the
frequency prior to and during the pandemic, and anticipated changes post-pandemic. A greater
proportion of customers anticipate working from home more frequently post-pandemic than they
did prior to the pandemic.
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Figure 2-46. Self-Reported Changes in Frequency of Working from Home

Source: Guidehouse analysis

Figure 2-47 and Figure 2-48 show the average HVAC cooling demand per home before and
during the COVID-19 period. AC usage increased as more people worked from home frequently
and because of interactive effects due to increased heat gain to the home from additional
occupancy and other end use consumption (such as cooking).
Figure 2-47. Average Electric Demand Changes during the COVID-19 Period for Homes
with End Use – Cooling End Uses

Source: Guidehouse analysis
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Figure 2-48. Electric Load Shape Changes during the COVID-19 Period for Homes with
End Use – Cooling End Uses

Source: Guidehouse analysis

Figure 2-49 and Figure 2-50 show the average HVAC heating demand per home before and
during the COVID-19 period. The heating end use that saw increased demand was plug-in
electric heat, likely due to customers using space heaters near their home offices during work
hours. Boiler and furnace distribution and hardwired electric heat usage decreased slightly,
most likely due to the increased usage of space heaters in homes, and possibly due to
interactive effects as the average home saw additional heat gain to the home from increased
occupancy (more people being at home and working at home) and other end use consumption
(such as cooking and office equipment). Figure 2-43 in Section 2.5 shows that the average
logged space temperatures in the winter were approximately the same both before and during
the COVID-19 period.
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Figure 2-49. Average Electric Demand Changes during the COVID-19 Period for Homes
with End Use – Heating End Uses

Source: Guidehouse analysis

Figure 2-50. Electric Load Shape Changes during the COVID-19 Period for Homes with
End Use – Heating End Uses

Source: Guidehouse analysis
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Figure 2-51 and Figure 2-52 show the average kitchen electric demand per home before and
during the COVID-19 period. The kitchen end use saw increased consumption during both
winter and summer periods, likely due to customers spending additional time at home relative to
the pre-COVID-19 period and preparing more of their meals at home. Refrigerator and freezer
usage also likely increased due to additional door-opening events.
Figure 2-51. Average Electric Demand Changes during the COVID-19 Period for Homes
with End Use – Kitchen End Uses

Source: Guidehouse analysis
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Figure 2-52. Electric Load Shape Changes during the COVID-19 Period for Homes with
End Use – Kitchen End Uses

Source: Guidehouse analysis

Figure 2-53 and Figure 2-54 show the average laundry electric demand per home before and
during the COVID-19 period. The laundry end use saw increased consumption for clothes
washers across all usage periods; dryers saw variable increases or decreases per period.
Customers may have hung their clothes to air dry more often.
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Figure 2-53. Average Electric Demand Changes during the COVID-19 Period for Homes
with End Use – Laundry End Uses

Source: Guidehouse analysis

Figure 2-54. Electric Load Shape Changes during the COVID-19 Period for Homes with
End Use – Laundry End Uses

Source: Guidehouse analysis
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Figure 2-55 and Figure 2-56 show the average water heating electric demand per home before
and during the COVID-19 period. Annual water heating consumption stayed relatively the same,
with increased usage over the summer period and decreased usage over the winter period.
Peak demand increased during summer and winter. Water heater usage shifted by about 1 hour
during the morning period, as customers presumably took showers later in the morning due to a
reduced incidence of the morning commute as more customers stayed at home.
Figure 2-55. Average Electric Demand Changes during the COVID-19 Period for Homes
with End Use – Water Heating End Uses

Source: Guidehouse analysis

Page 76

Massachusetts Residential Building Use and Equipment
Characterization Study
Figure 2-56. Electric Load Shape Changes during the COVID-19 Period for Homes with
End Use – Water Heating End Uses

Source: Guidehouse analysis

Figure 2-57 and Figure 2-58 show the average dehumidifier and TV and peripheral electric
demand per home before and during the COVID-19 period. Dehumidifier usage increased
slightly during the summer period. TV usage increased during the winter peak period (5 p.m.7 p.m.) but did not increase significantly over the course of the year.
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Figure 2-57. Average Electric Demand Changes during the COVID-19 Period for Homes
with End Use – Miscellaneous End Uses

Source: Guidehouse analysis

Figure 2-58. Electric Load Shape Changes during the COVID-19 Period for Homes with
End Use – Miscellaneous End Uses

Source: Guidehouse analysis
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Figure 2-59 and Figure 2-60 show the average gas end use demand per home before and
during the COVID-19 period during winter. Similar to the electric end use results, these gas end
use results show that water heater usage shifted by about 1 hour in the morning, and gas dryer
usage was notably higher in the midday hours during the COVID-19 period relative to the preCOVID-19 period.
Figure 2-59. Average Gas Demand Changes during the COVID-19 Period for Homes with
End Use

Source: Guidehouse analysis
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Figure 2-60. Gas Load Shape Changes during the COVID-19 Period for Homes with End
Use

Source: Guidehouse analysis

2.7 EV Characteristics and Consumption
This section provides the results of the EV characteristics and electric consumption analysis.
Guidehouse added questions to the Phase 5 customer survey on EV details and usage
characteristics (contained in Appendix A.1). Section A.1.3 describes the sample sizes for the
RER-recruited customers, and Section A.4.8 describes the analysis methodology.
Figure 2-61 shows the proportion of EVs in the surveyed population that are either a fully
electric vehicle or a plug-in hybrid electric vehicle (PHEV). Of all surveyed customers (n=6,475),
3% had an EV. Fully electric vehicles account for 63% of EVs in the population, while PHEVs
account for about 37% of EVs in the population.
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Figure 2-61. EV Type Proportions

Source: Guidehouse analysis

Figure 2-62 shows the percentage of EVs by make (manufacturer). Tesla accounts for nearly
half of all fully electric vehicles in the population; Toyota accounts for nearly half of all PHEVs in
the population. Chevrolet and Nissan each account for about 10% of fully electric vehicles in the
population; Chevrolet, Ford, and Honda each account for about 10% of PHEVs in the
population.
Figure 2-62. EV Make Proportions

Source: Guidehouse analysis
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Figure 2-63 presents more detailed information on the make and model of the most common
EVs in the population. The Tesla Model 3 is the most common fully electric vehicle, accounting
for about one-third of fully electric vehicles in the population. The Chevrolet Bolt EV, Tesla
Model Y, Tesla Model S, and Nissan LEAF are also common, each accounting for about 10% of
fully electric vehicles in the population. The Toyota Prius Prime is the most common PHEV,
accounting for about one-fifth of the PHEVs in the population. The Chevrolet Volt, Honda Clarify
PHEV, and Toyota Prius PHV are also common, each accounting for about 10% of the PHEVs
in the population. The PHEV population appears to have a slightly more diverse mix of makes
and models relative to the fully electric population.
Figure 2-63. EV Model Proportions

Source: Guidehouse analysis

Figure 2-64 displays the year of manufacture of EVs in the population. Of fully electric vehicles,
2019 and 2020 were the most common manufacture years, with about one-fifth of the fully
electric vehicles in the population manufactured in each of those years. Of PHEVs, 2018 was
the most common year of manufacture, with about one-fourth of the PHEVs manufactured in
2018.
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Figure 2-64. EV Year of Manufacture Proportions*

*Of the 221 survey respondents with EVs, seven were manufactured prior to 2012,
resulting in higher uncertainty in the proportions of vehicles made prior to 2012. The
spike in the 2009 manufacture year due likely to post-weighting and smaller sample size
for this analysis
Source: Guidehouse analysis

As Figure 2-65 shows, about 35% of fully electric vehicle owners self-reported a driving range of
over 275 miles. About 20% of fully electric vehicle owners self-reported driving ranges of 225275 miles, 175-225 miles, and 75-125 miles. Fewer than 5% of respondents self-reported a
driving range of 125-175 miles.
Nearly half of PHEV owners self-reported a driving range of 25-50 miles. About 25% of PHEV
owners self-reported a driving range of 10-25 miles and about 20% self-reported 0-10 miles.
Less than 10% of PHEV owners self-reported a driving range of 50-100 miles.
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Figure 2-65. Self-Reported EV Range Proportions

Source: Guidehouse analysis

Figure 2-66 presents home charger type data. About 20% of fully electric vehicle owners and
60% of PHEV owners own a Level 1 charger (120 V). About 60% of fully electric vehicle owners
and about 10% of PHEV owners own a Level 2 charger (240 V). About 15% of fully electric
vehicle owners and about 10% of PHEV owners do not own a home charger. About 20% of
PHEV owners do not charge their vehicle.
Figure 2-66. EV Home Charger Type Proportions

Source: Guidehouse analysis
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As Figure 2-67 shows, on average, both fully electric vehicle owners and PHEV owners selfreported charging at their primary residence about 60% of the time. Fully electric vehicle owners
charged at public fast charging ports about 20% of the time. PHEV owners charged at public AC
ports about 10% of the time.
Figure 2-67. Self-Reported Percentage of Charging by Location

Source: Guidehouse analysis

2.7.1 Preliminary EV Consumption
This section presents the preliminary EV usage results from the RER data collection in Phase 5.
These results are based on a partial year of data collection on a small sample (n=21).
Guidehouse plans to update the EV usage summary in the forthcoming Phase 6 study with
additional months of data collection on a larger RER sample. The team will validate the RER
dataset by comparing the RER data with metered data collection onsite for a subsample of the
RER enrollees. Appendix A.2 summarizes the sample, and Appendix A.4.8 describes the
analysis methods.
Figure 2-68 summarizes the EV charging and usage characteristics by customers who do any
charging at home, any charging away from the home, or charge both at home and away from
home (All). Due to a limited sample size in the Phase 5 analysis, the summaries in this plot are
provided for customers with high capacity EVs only. For the sample of customers enrolled in
RER data collection in Phase 5 at the time of this report writing (n=21), the average demand
while charging was between 6 kW and 10 kW; the average energy consumed per charging
event was between 20 kWh and 30 kWh, and vehicles charged for about 3-3.5 hours per
charging event. The average proportion of battery level varied between about 40% and 50% at
the beginning of the average charging event and hit about 80% at the end of the charging event.
The proportion of charges that took the battery level to full at 100% was about 15%. The
average hours between charges for the sample was approximately 70 hours. For all vehicles in
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the sample, the average annual electricity consumption was approximately 4,000 kWh with
about 12,000 miles driven. For these customers, the proportion of charging events that took
place at home was around 80%.
Figure 2-68. Metered High Capacity EV Usage Summaries by Location

*The team provides several plot summaries for All EVs only because home vs. away distinctions are not applicable
for these particular summaries.
Source: Guidehouse analysis

Figure 2-69 provides the distribution of EV charging and usage characteristics by customers
with fully electric vehicles (high capacity over 125-plus mile and low capacity under 125 mile
range) and PHEVs. One of the PHEV owners in the sample appeared to not charge their vehicle
often, while other PHEV owners had more frequent charging events.
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Figure 2-69. Distribution of EV Usage by Vehicle Type

Source: Guidehouse analysis

Figure 2-70 shows the relationship between the average hours between charges and the total
annual electric consumption for the vehicles in the RER sample. The plot shows that vehicles
with a smaller duration between charge events tend to have a higher annual electric
consumption. Vehicles with a higher duration between charging events may represent an
opportunity for peak demand reductions during utility peak periods.
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Figure 2-70. Relationship of Hours Between Charges and Annual Electric Usage Per Year

Source: Guidehouse analysis

Figure 2-71 summarizes typical charging behavior for the sample of high capacity EV owners.
Customers for which more than 50% of charging events started in the same hour of day were
characterized as scheduled, while those with more variable charging timing were characterized
as unscheduled. Further, customers whose median time between charges was less than 36
hours were characterized as daily top up, while those with longer time between charges were
characterized as occasional fill up. About 60% of the vehicles in this analysis were
characterized as unscheduled daily top up. Approximately 30% of customers were unscheduled
with only occasional top ups. Only about 10% of customers were characterized as scheduled
with occasional top ups.
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Figure 2-71. High Capacity EV Charging Behavior

Source: Guidehouse analysis

Figure 2-72 shows the average hourly EV load shape by day type (weekday vs. weekend) and
by charging location for high capacity EV owners. At home charging was most prevalent in the
evening and early morning hours, while away from home charging was distributed throughout
the day.
Figure 2-72. Metered EV Load Shapes by Time Period and Location

Source: Guidehouse analysis
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Figure 2-73 shows the average hourly EV charging proportions by day type and by charging
location for high capacity EVs.
Figure 2-73. Metered EV Charging Shapes by Time Period and Location

Source: Guidehouse analysis

Figure 2-74 compares EV manufacturers (makes) between the survey population (n=212) and
the RER sample (n=21) 25. Discrepancies between the saturation of EV makes in the population
and in the RER sample arise from manufacturer compatibility with the RER platform. At the time
of recruitment in Phase 5, models of Audi, BMW, Chrysler, Ford, Chevrolet, Hyundai, Jaguar,
Land Rover, Nissan, Tesla, and Volkswagen were eligible for enrollment in the RER platform.
While Toyota PHEV models make up over 40% of the PHEV survey population, none are
enrolled in RER because these vehicles are incompatible with the RER platform and those
customers were not recruited to the study. 26

The RER sample analysis used data collected through the end of August 2021, which included 21 vehicles.
Recruitment continued after this time, and subsequent counts of enrolled vehicles reference 37 vehicles, the number
of vehicles enrolled at the time this report was written.
26 Since the initial Phase 5 recruitment, RER has expanded compatibility for new model types within the existing
manufacturer list and has added access for new manufacturers (such as Cadillac, Lincoln, and Volvo). Newly eligible
EV owners were retroactively recruited to RER toward the end of the Phase 5 study period. Their data will be
available for analysis in the Phase 6 EV analysis.
25
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Figure 2-74. Comparison of EV Makes Between Population and Metering Sample

Note: Care should be taken when interpreting the PHEV RER sample values, as the
PHEV RER sample size is two vehicles in Phase 5. The team will collect additional
metered data for PHEVs in Phase 6 in the onsite metering sample.
Source: Guidehouse analysis
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3. Detailed Findings
This section expands on the key findings provided in Section 2 to include saturation,
characterization, annual energy consumption, peak demand, and hourly load shapes at the end
use level. It also presents miscellaneous findings from the customer survey and onsite data
collection for each end use category. This section provides plots and key findings by end use
category to illustrate how each end use contributes to total energy consumption and peak
demand. Appendix B contains comprehensive plots and datasets of end use saturations,
characterization summaries, and annual, monthly, and hourly electric and natural gas demands
for additional demographic and building characteristic splits.

3.1 HVAC End Uses
The next several figures relate to the saturation and change in saturation for new equipment
and characterization of existing and new equipment for HVAC end uses starting with cooling
season end uses, followed by heating season end uses, and finally for miscellaneous HVAC
end uses.
Figure 3-1 shows the current saturation of cooling end uses.
Figure 3-1. HVAC Cooling Equipment Saturation

Source: Guidehouse analysis

Figure 3-2 and Figure 3-3 provide supporting documentation for the current saturations by
showing the number of residents that purchased new equipment (number of homes that
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purchased the HVAC end use in the last year) and the proportion of removed equipment in
Massachusetts in the last year (number of units replaced or retired over all households).
Figure 3-2. Proportion of Homes that Purchased Cooling Season HVAC End Uses in the
Last Year

Source: Guidehouse analysis

Figure 3-3. Proportion of Cooling Season HVAC End Uses Replaced or Retired in the Last
Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis
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Figure 3-4 shows the trends in saturation between 2018 and 2021 for cooling end uses. The
proportion of homes with central ACs and mini-split ACs or heat pumps increased steadily
between 2018 and 2021. It appears that homes with room or window ACs may be leveling off or
decreasing over time.
Figure 3-4. HVAC Cooling Equipment Saturation Trends

Source: Guidehouse analysis

Figure 3-5 shows a comparison of the unit efficiencies of existing and new central ACs/heat
pumps, Figure 3-6 show a histogram of the new unit efficiencies for mini-split AC/heat pumps,
and Figure 3-7 and Figure 3-8 show a comparison of the unit efficiencies of existing and new
room ACs. 27 Because room AC standard efficiencies are variable, making the figure of absolute
efficiencies difficult to interpret, a histogram of new room AC efficiencies as a ratio of the
relevant standard efficiency is included in Figure 3-9.

The US Department of Energy Standard for Room ACs took effect in 2014. The new standards required
manufacturers to report combined energy efficiency ratio (CEER); CEER was introduced to take into account the
standby power usage of room ACs.
27
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Figure 3-5. Existing and New Central AC/Heat Pump Efficiencies

Source: Guidehouse analysis

Figure 3-6. Histogram of New Mini-Split AC/Heat Pump Efficiencies

Source: Guidehouse analysis
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Figure 3-7. Existing and New Room/Window AC Efficiencies (EER)

Source: Guidehouse analysis

Figure 3-8. Existing and New Room/Window AC Efficiencies (CEER)

Source: Guidehouse analysis
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Figure 3-9. Histogram of New Room/Window AC Efficiencies as a Ratio of Standard
Room AC Efficiency

Source: Guidehouse analysis

Key Finding: A large portion of new room ACs, central ACs, and ductless heat
pumps are higher than code-minimum efficiency.
Figure 3-10 shows the current saturation of heating end uses. Figure 3-11 and Figure 3-12
provide supporting documentation for the current saturations by showing the number of
residences that purchased new equipment (number of homes that added the HVAC end use in
the last year) and the proportion of existing units replaced or retired in Massachusetts in the last
year (number of units replaced or retired over all households).
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Figure 3-10. HVAC Heating Equipment Saturation

Source: Guidehouse analysis

Figure 3-11. Proportion of Homes that Purchased Heating Season HVAC End Uses in the
Last Year

Source: Guidehouse analysis
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Figure 3-12. Proportion of Existing Heating Season HVAC Units Replaced or Retired in
the Last Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis

Figure 3-13 shows the trends in saturation between 2018 and 2021 for heating end uses. 28 The
proportion of homes with mini-split ACs or heat pumps increased steadily between 2018 and
2021.

The team identified a limitation in the methodology used to derive gas and oil saturations. The proportion of survey
respondents with gas service may not be the same as the statewide proportion of customers with gas service. The
team plans to add a survey question to apply an adjustment to correct for this in future study phase
28
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Figure 3-13. HVAC Heating Equipment Saturation Trends

*The error bars for space heaters are wide due to the variability in space heater quantities
reported in the customer survey vs. those found during the onsite visit.
Source: Guidehouse analysis

Figure 3-14 shows a comparison of unit efficiencies for existing and newly installed gas
furnaces and Figure 3-15 shows the same comparison for gas boilers. For newly installed gas
furnaces and boilers, the distribution is heavily skewed toward 95+ Annual Fuel Utilization
Efficiency (AFUE) furnaces, which aligns with a general trend of furnace manufacturers focusing
their condensing furnace product offerings on 95+ AFUE furnaces. This deserves further
research.
For the existing equipment share, 74% of gas boilers and 52% of gas furnaces are noncondensing units.
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Figure 3-14. Histogram of Existing and New Gas Furnace Efficiencies

Source: Guidehouse analysis

Figure 3-15. Histogram of Existing and New Gas Boiler Efficiencies

Source: Guidehouse analysis
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Figure 3-16 shows the survey self-reported control types for customers with installed central
heat pumps or mini-split heat pumps. About 20% of customers with central heat pumps and 5%
of customers with mini-split heat pumps report using integrated controls for their heat pumps
(integrated controls automatically switch from heating with the heat pump to a conventional fuelfired furnace or boiler at a pre-selected temperature).
Figure 3-16. Self-Reported Heat Pump Control Type

Source: Guidehouse analysis

Figure 3-17 shows the current saturation of miscellaneous HVAC end uses. Figure 3-18 and
Figure 3-19 show the number of residences that purchased new equipment and the proportion
of removed equipment in the miscellaneous HVAC category.
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Figure 3-17. Miscellaneous HVAC Equipment Saturation

Source: Guidehouse analysis

Figure 3-18. Proportion of Homes that Purchased New Miscellaneous HVAC Equipment in
the Last Year

Source: Guidehouse analysis
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Figure 3-19. Proportion of Existing Miscellaneous HVAC Units Replaced or Retired in the
Last Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis

Figure 3-20 shows the trends in saturation between 2018 and 2021 for miscellaneous end uses.
The proportion of homes with dehumidifiers and air cleaners increased between 2018 and 2021.
Figure 3-20. Miscellaneous HVAC Equipment Saturation Trends

Source: Guidehouse analysis
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Figure 3-21 and Figure 3-22 show the survey self-reported control types and drain types for
customers with dehumidifiers. About 80% of customers report their dehumidifier is set to shut off
when the humidity drops below a certain level, while 20% of customer report their dehumidifier
is on all the time. About 60% of customers report needing to empty their recovered water bucket
when the water reservoir is full, while 40% of customers indicate they have a hose that drains
the dehumidifier condensate.
Figure 3-21. Self-Reported Dehumidifier Control Type

Source: Guidehouse analysis

Figure 3-22. Self-Reported Dehumidifier Drain Type

Source: Guidehouse analysis
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Figure 3-23 shows the average energy consumption for all end uses; the HVAC end uses are
highlighted in blue. Central AC and room AC are the two largest individual HVAC end uses and
are in a similar usage category as primary refrigerators, electric clothes dryers, electric water
heaters, dehumidifiers, and primary TVs and their peripherals. Central AC and room AC are
each larger than any single heating end use.
Figure 3-23. Population Annual End Use Electric Energy Consumption – HVAC End Uses

Source: Guidehouse analysis

Cooling season HVAC end uses are the primary driver of summer peak loads. As Figure 3-24
shows, central AC demand peaks between 3 p.m. and 7 p.m. on the hottest days. Room AC
demand per household is much lower and extends later than central AC load.
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Figure 3-24. Weather-Normalized Summer Peak Day HVAC End Use Load Shapes for
Homes with End Use

Source: Guidehouse analysis

Key Finding: Central AC is the single most important end use driving summer peak
demand. The central AC peak load is greater than the total peak load for households
without central AC.
Figure 3-25 demonstrates the wide variety of motivations driving central AC use. This finding
suggests that attempts to change AC behavior on peak days may need to use a variety of
tailored messaging to get the desired effect.
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Figure 3-25. Cooling System Use Motivation

Source: Guidehouse analysis

As Figure 3-26 shows, during the winter, hardwired electric heat and mini-split heat pumps are
the two end uses with the highest demand in households where they are present. The
hardwired electric heat peak day load shape is surprisingly flat compared to electric heat load
shapes available in the literature, such as those from simulation tools that follow a setback
schedule.
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Figure 3-26. Weather-Normalized Winter Peak Day HVAC End Use Load Shapes for
Homes with End Use

Source: Guidehouse analysis

Key Finding: Winter peak day load shapes for heating end uses are flatter than
other HVAC load shapes.
Figure 3-27 shows what drives the use of secondary heat, which may be what is driving the flat
load shape for electric heat. Over one-third of people report using their secondary heating
systems only on the coldest days or for backup heat. This finding is consistent with the
observed trend (the hourly load shape is relatively flat), but usage on the coldest days is much
higher than on other days during the winter.
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Figure 3-27. Secondary Heating Use Motivation

Source: Guidehouse analysis

Figure 3-28 compares measured and rated efficiency for gas and oil boilers. The small sample
of equipment measured does not provide statistically significant results; however, the trend in
the data indicates that oil-fired boilers operate roughly 2% less efficient than their rating.
Figure 3-28. Rated vs. Measured Boiler Efficiency

Source: Guidehouse analysis
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3.2 Kitchen End Uses
Figure 3-29 shows the current saturation of kitchen end uses.
Figure 3-29. Kitchen End Use Saturation

Source: Guidehouse analysis

Figure 3-30 and Figure 3-31 show the proportion of homes that purchased new kitchen
equipment in the last year and the proportion of existing kitchen units replaced or retired in the
last year, respectively. This information supports the change in saturations shown above.
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Figure 3-30. Proportion of Homes that Purchased New Kitchen End Uses in the Last Year

Source: Guidehouse analysis

Figure 3-31. Proportion of Existing Kitchen Units Replaced or Retired in the Last Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis
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Figure 3-32 shows the trends in saturation between 2018 and 2021 for kitchen end uses. The
proportion of homes with standalone freezers and dishwashers increased steadily between
2018 and 2021.
Figure 3-32. Kitchen End Use Saturation Trends

Source: Guidehouse analysis

Figure 3-33 shows the characterization of secondary refrigerator types according to the initial
survey administered in 2017.
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Figure 3-33. Secondary Refrigerator Types

Source: Guidehouse analysis

Figure 3-34 shows the characterization of electric cooktop and range types from the 2019
customer survey results. Most of the installed cooktops are standard electric resistance; the
saturation of induction cooktop is expected to increase over time. Figure 3-35 shows a
comparison of existing and newly installed primary refrigerator DOE-estimated annual energy
use.
Figure 3-34. Cooktop and Oven or Range Types

Source: Guidehouse analysis
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Figure 3-35. Existing and New Primary Refrigerator DOE-Estimated Annual Energy Use

Source: Guidehouse analysis

Because refrigerators are in almost every home and in use constantly, they are the largest nonlighting energy end use when compared with all metered end uses in Figure 3-36.
Figure 3-36. Population Annual End Use Electric Energy Consumption – Kitchen End
Uses

Source: Guidehouse analysis
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Figure 3-37 and Figure 3-38 appear to be almost blank because dishwashers, primary
refrigerators, secondary refrigerators, and freezers have low peak demand compared with
central ACs and other large peak loads. The consumption magnitude for kitchen end uses is
nearly the same for summer and winter, showing limited seasonality.
Figure 3-37. Weather-Normalized Summer Peak Day Kitchen Load Shapes for Homes with
End Use

Source: Guidehouse analysis
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Figure 3-38. Weather-Normalized Winter Peak Day Kitchen Load Shapes for Homes with
End Use

Source: Guidehouse analysis

Figure 3-39 confirms what the flatness of the load shapes in Figure 3-37 and Figure 3-38
show—there are not typical schedules for running dishwashers in Massachusetts households.
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Figure 3-39. Dishwasher Use

Source: Guidehouse analysis

Key Finding: Kitchen end uses add no significant summer or winter peak load to the
system, but the energy consumption of refrigerators is significant across the entire
population because of their high saturation.
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3.3 Laundry End Uses
Figure 3-40 shows the distribution of laundry equipment in Massachusetts homes. Electric
dryers are in over half of homes, and natural gas is the leading dryer fuel in the remaining
homes with dryers.
Figure 3-40. Laundry End Use Saturation

Source: Guidehouse analysis

Figure 3-41 and Figure 3-42 support the change in saturation findings by showing the proportion
of homes that purchased new laundry equipment and the proportion of existing laundry units
replaced or retired in the last year, respectively.
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Figure 3-41. Proportion of Homes that Purchased New Laundry Equipment in the Last
Year

Source: Guidehouse analysis

Figure 3-42. Proportion of Existing Laundry Units Replaced or Retired in the Last Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis
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Figure 3-43 shows the trends in saturations between 2018 and 2021 for laundry end uses. The
proportion of homes with clothes washers and electric clothes dryers have increased between
2018 and 2021.
Figure 3-43. Laundry End Use Saturation Trends

Source: Guidehouse analysis

Figure 3-44 is shows a comparison of efficiencies for existing and newly installed clothes
washers in Massachusetts. Most new washers purchased are higher efficiency than the federal
standard.

Page 121

Massachusetts Residential Building Use and Equipment
Characterization Study
Figure 3-44. Existing and New Clothes Washer Efficiencies

Source: Guidehouse analysis

Key Finding: Most newly purchased clothes washers in Massachusetts are higher
than standard efficiency. These savings most likely show up in the clothes dryer load
shape.
Figure 3-45 compares laundry end use consumption to energy consumption for all end uses.
While clothes dryers have significant energy consumption (fourth largest of all end uses) and
clothes washers appear to be low consumers, the energy saved by high efficiency clothes
washers shows up primarily as reduced clothes dryer energy consumption and secondarily as
reduced water heating consumption. The savings potential for clothes dryers should be
considered in conjunction with high efficiency clothes washers.
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Figure 3-45. Population Annual End Use Electric Energy Consumption – Laundry End
Uses (kWh)

Source: Guidehouse analysis

Figure 3-46 and Figure 3-47 show that while clothes dryers use peaks late in the day on
summer peak days, there is some use throughout the day in all seasons. The other laundry end
uses have near zero demand. Figure 3-48 helps to explain why this is the case—there is no
single time of day that most washers and dryers are running in Massachusetts.
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Figure 3-46. Weather-Normalized Summer Peak Day Laundry Load Shapes for Homes
with End Use

Source: Guidehouse analysis

Figure 3-47. Weather-Normalized Winter Peak Day Laundry Load Shapes for Homes with
End Use

Source: Guidehouse analysis
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Figure 3-48. Laundry Use Motivation

Source: Guidehouse analysis

Key Finding: Some clothes dryers are used throughout the day, including during
afternoon and evening peak in summer and winter, but no single time dominates
most clothes washer and dryer use.
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3.4 Water Heating End Uses
Figure 3-49 shows the distribution of water heating equipment in Massachusetts homes.
Figure 3-49. Water Heating End Use Saturation

Source: Guidehouse analysis

Figure 3-50 shows the breakdown of indirect water heaters by fuel type. Of all indirect water
heaters, 61% are gas and 39% are oil.
Figure 3-50. Indirect Water Heater Fuel Type

Source: Guidehouse analysis
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Figure 3-51 and Figure 3-52 show supporting information for the change in saturations by
showing the proportion of homes that purchased new water heating equipment and the
proportion of existing water heater units replaced or retired in the last year, respectively.
Figure 3-51. Proportion of Homes that Purchased New Water Heating-Related Equipment
in the Last Year

Source: Guidehouse analysis

Figure 3-52. Proportion of Existing Water Heating-Related Equipment Replaced or Retired
in the Last Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis
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Figure 3-53 shows the trends in saturations between 2018 and 2021 for water heating end uses.
The proportion of homes with tankless water heaters appear to be rising over time.
Figure 3-53. Water Heating End Use Saturation Trends

Source: Guidehouse analysis

Figure 3-54 shows a comparison of existing and newly installed gas tank water heater
efficiencies while Figure 3-55 shows the same comparison for electric resistance water heaters.
The team did not have sufficient sample to summarize existing or newly installed unit
efficiencies for tankless gas water heaters or heat pump water heaters. New DOE efficiency
standards for water heaters went into effect in the middle of 2015. With this update
manufacturers were required to report uniform energy factor (UEF) instead of energy factor (EF)
for newly manufactured units. The units included in the following figures only include units with
EF as the primary efficiency metric, which will slightly bias the results toward older units. For
future phases, Guidehouse plans to report these figures with UEF, assuming the sample size of
equipment manufactured after 2015 increases.
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Figure 3-54. Existing and New Tank Gas Water Heater Efficiencies

Source: Guidehouse analysis

Figure 3-55. Existing and New Electric Resistance Water Heater Efficiencies

Source: Guidehouse analysis
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Electric water heating is not one of the largest energy-consuming end uses in Massachusetts,
as Figure 3-56 shows. Results from this study corroborate model estimates that show there is
significant seasonality to water heating consumption, with higher consumption recorded in the
winter and lower consumption in the summer. This finding is consistent with modeled loads
using the mains temperature relationship from Christensen and Burch. 29 Over time, electric
water heating may also become more important as Massachusetts residents transition away
from using oil boilers to supply space and water heating needs.
The study included both regular electric water heaters and an oversample of heat pump water
heaters. As Figure 3-57 and Figure 3-58 show, the summer and winter peak day load shapes
for water heating have a modest double peak, with an initial peak in the morning followed by a
second peak in the evening.
The load shape for heat pump water heaters is based on a relatively small sample of 30 early
adopters of the technology. This is indicative of how people use heat pump water heaters today
but may not be representative of long-term adoption. Heat pump water heaters have peak
demand that is about half of regular water heaters. This roughly corroborates the engineering
savings estimates, but overall use of electric water heaters is lower than expected (2,540
kWh/year compared to the 3,330 kWh/year value used for Navigant’s 2017 Heat Pump Water
Heater Impact Study 30 or the 4,622 kWh per year used by ENERGY STAR 31 for the 2015
Massachusetts Technical Reference Manual 32). This lower use may be because most electric
water heaters in Massachusetts are in multifamily residences with lower occupancy and lower
consumption, while standard electric water heater assumptions are based on the hot water
consumption of a family of four. The summer load shapes for electric water heaters and heat
pump water heaters overlap at 4 p.m. during the peak period. Because of the small sample, it
may be more appropriate to apply the water heating category load shape to use in calculating
peak demand impacts from heat pump water heaters.

Jay Burch and Craig Christensen, “Towards Development of an Algorithm for Mains Water Temperature.” (paper presented at the
ASES Annual Conference, Cleveland, Ohio, 2007).

29

The Navigant Heat Pump Water Heater impact study can be found at http://ma-eeac.org/wordpress/wpcontent/uploads/Heat-Pump-Water-Heater-Impact-Study-Volume-1.pdf. This study was based on the 2012 Steven
Winter Associates Study, which can be found at: http://ma-eeac.org/wordpress/wp-content/uploads/Heat-PumpWater-heaters-Evaluation-of-Field-INstalled-Performance.pdf.
31 ENERGY STAR’s water heating consumption analysis is available at
https://www.energystar.gov/ia/partners/prod_development/new_specs/downloads/water_heaters/WaterHeaterAnalysi
s_Final.pdf
32 The Massachusetts TRM applicable to the 2018 program year can be found at http://ma-eeac.org/wordpress/wpcontent/uploads/2016-2018-Plan-1.pdf
30
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Figure 3-56. Population End Use Annual Electric Energy Consumption – Water Heating
End Uses

Source: Guidehouse analysis
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Figure 3-57. Weather-Normalized Summer Peak Day Water Heating Load Shapes for
Homes with End Use

Source: Guidehouse analysis

Key Finding: Heat pump water heaters draw half as much power during peak hours
as conventional electric water heaters in summer and winter. More heat pump water
heaters replacing electric water heaters in the population could lead to significant
reductions in peak demand.
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Figure 3-58. Winter-Normalized Winter Peak Day Water Heating Load Shapes for Homes
with End Use

Source: Guidehouse analysis

Figure 3-59 shows that the morning peak in Figure 3-57 and Figure 3-58 may be driven
primarily by showering, while the evening peak is likely a combination of showering, laundry,
and dishwashing.
Figure 3-59. Hot Water Use Motivation

Source: Guidehouse analysis
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3.5 Miscellaneous End Uses
Several miscellaneous end uses that measured saturation were included in the customer
survey. For easy visualization, the miscellaneous end uses have been split into outdoor end
uses and electronic end uses.
Figure 3-60 shows the distribution of miscellaneous outdoor end uses in Massachusetts homes.
Figure 3-60. Miscellaneous End Use Saturation – Outdoor

Source: Guidehouse analysis

Figure 3-61 and Figure 3-62 show supporting information for the change in saturations by
showing the proportion of homes that purchased new miscellaneous outdoor equipment and the
proportion of existing units replaced or retired in the last year, respectively.
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Figure 3-61. Proportion of Homes that Purchased New Miscellaneous Equipment –
Outdoor

Source: Guidehouse analysis

Figure 3-62. Proportion of Existing Miscellaneous Outdoor Units Replaced or Retired in
the Last Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis
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Figure 3-63 shows the trends in saturations between 2018 and 2021 for miscellaneous outdoor
end uses. The proportion of homes with EVs, solar PV, and backup generators are increasing
over time.
Figure 3-63. Miscellaneous Outdoor Units Trends

Source: Guidehouse analysis

Figure 3-64 shows the distribution of miscellaneous electronic end uses in Massachusetts
homes.
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Figure 3-64. Miscellaneous End Use Saturation – Electronics

Source: Guidehouse analysis

Figure 3-65 and Figure 3-66 show supporting information for the change in saturations by
showing the proportion of homes that purchased new miscellaneous electronic equipment and
the proportion of existing units replaced or retired in the last year, respectively.
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Figure 3-65. Proportion of Homes that Purchased Miscellaneous Equipment – Electronics

Source: Guidehouse analysis

Figure 3-66. Proportion of Existing Miscellaneous Electronics Units Replaced or Retired
in the Last Year

*Mortality rate is inversely proportional to effective useful life (EUL), e.g., EUL ~ 1/mortality rate.
Source: Guidehouse analysis
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Figure 3-67 shows the trends in saturations between 2017 and 2021 for miscellaneous
electronics end uses.
Figure 3-67. Miscellaneous Electronics Units Trends

Source: Guidehouse analysis

The study targeted a few key miscellaneous end uses for metering, including primary TVs and
their peripherals, secondary TVs and their peripherals, primary computers and their peripherals,
pool pumps, dehumidifiers, and a variety of other pumps. These end uses are compared with
the other metered end uses in Figure 3-68.
Primary TVs, secondary TVs, primary computers, and dehumidifiers all have significant annual
electricity consumption. Pool pumps contribute to summer electricity consumption; however,
none of the other pumps (including sump pumps and well pumps) use much energy in
Massachusetts.
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Figure 3-68. Population End Use Annual Electric Energy Consumption – Miscellaneous
End Uses

Source: Guidehouse analysis

As Figure 3-69 shows, pool pumps are used primarily during the day and have large peak
demand in the summer. Dehumidifiers also have significant demand on peak days. None of
these end uses contribute significantly to winter peak load, as Figure 3-70 shows.
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Figure 3-69. Weather-Normalized Summer Peak Day Miscellaneous Load Shapes for
Homes with End Use

Source: Guidehouse analysis

Key Finding: Pool pumps have the largest non-cooling summer peak demand for
homes with the end use.
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Figure 3-70. Weather-Normalized Winter Peak Day Miscellaneous Load Shapes for Homes
with End Use

Source: Guidehouse analysis

Key Finding: None of the miscellaneous end uses contribute significantly to winter
peak demand.

3.6 Delivered Fuels
The weather-normalized annual consumption for fuel oil delivery records collected for the 20162019 calendar years is 77 MMBtu (554 gallons of fuel oil) per site. 33 This estimate is based on
fuel oil delivery records collected for 55 sites with at least 1 full year of data collected over the
2016-2019 period. This estimate should be treated as a lower bound estimate of annual fuel oil
consumption because some customers may have provided incomplete fuel oil delivery records
over the data collection period. Appendix A.4.6 discusses the methods used for the delivered
fuels data analysis.

33 Excluding the uncertainty due to the data collection method, the final achieved relative precision on the reported
results was 12% at the 90% confidence level.
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3.7 Building Characteristics
This section details miscellaneous building characteristics for the 285 sites in the onsite sample
at the conclusion of the Phase 5 onsite visits. Most homes in the sample have double paned
windows. The breakout of window pane types is shown in Figure 3-71. Vinyl and wood frames
are the two most common window frame types. The counts of different window frames types are
shown in Figure 3-72.
Figure 3-71. Window Pane Types in Onsite Sample

Source: Guidehouse analysis
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Figure 3-72. Window Frame Types in Onsite Sample

Source: Guidehouse analysis

The majority of homes in the onsite sample have 100 A electrical service. The breakdown of
sizes of the electrical service in the onsite sample is shown in Figure 3-73.
Figure 3-73. Electrical Panel Main Circuit Breaker Size

Source: Guidehouse analysis

Page 144

Massachusetts Residential Building Use and Equipment
Characterization Study

4. Overall Conclusions and Considerations
CONCLUSION 1: Across all homes in Massachusetts, central ACs and room ACs are the
largest contributors to peak demand. Collectively, cooling makes up more than half of
total residential summer system peak demand. During summer system peak, central AC
loads averaged 1.9 kW, and room AC loads averaged 0.7 kW. During summer on-peak, central
AC loads averaged 0.8 kW and room AC loads averaged 0.3 kW. Saturation of central cooling
has increased from 2017 to 2020/2021. The central cooling saturation increase is driven
primarily by increases in the prevalence of individual household ducted central AC and ductless
heat pumps.
CONSIDERATION: Central AC should be the focus of efforts to reduce peak demand,
but ductless heat pumps and room ACs are also important to a comprehensive
program offering. Because peak usage is driven as much by Energy Efficiency Ratio
(EER) as by Seasonal Energy Efficiency Ratio (SEER), the PAs should continue including
EER requirements in addition to SEER requirements to steer customers toward AC and heat
pump offerings with higher peak demand savings. Massachusetts has significant
opportunities for early central AC and heat pump retirement. Twenty eight percent of central
systems in Massachusetts have an EER of 9 or lower. This creates opportunities for
approximately 1.0 kW of peak demand savings per 3 ton system replaced with a new codeminimum efficiency system, in addition to significant energy savings. These low efficiency
systems will generally be 9-22 years old during the 2022-2024 program period.
CONCLUSION 2: Across the remaining electric end uses, individual homes have a wide
variety of significant end use loads during summer peak times. Electric clothes dryers are
common (61% of homes), but they have large variability in usage compared with other end
uses. About half of users did not use their dryers at all during peak times, while the top 25% of
users have an average of greater than 0.4 kW during peak times. Dehumidifiers are relatively
common (40% of homes). More than 25% of dehumidifiers were not in use at all during peak
times, but the top 25% have a mean peak of greater than 0.5 kW. Electric water heaters are
uncommon (15% of homes), but they have a mean of 0.2 kW during summer system peak and
the top 25% of users have a mean peak of 0.5 kW. Pool pumps are rare (8% of homes), but
they have a mean summer system peak demand of 0.7 kW, which is the largest non-cooling
summer peak demand for homes with the end use.
CONSIDERATION: PAs should consider targeting homes with dehumidifiers, clothes
dryers, and pool pumps for additional peak demand savings with low effects on
occupant comfort. Dehumidifiers, clothes dryers, and pool pumps all have opportunities for
peak savings of at least 0.2 kW without negatively affecting overall equipment performance
or comfort.
CONCLUSION 3: Heat pump water heaters use about half as much electricity as electric
resistance water heaters, which corroborates much of the expected energy savings.
Electric water heating load will become more important as more people switch from oil or
propane heat sources to electricity. Once a home has a heat pump water heater, its water
heating summer peak demand is relatively small. However, the increasing saturation of electric
water heating in general means that peak demand savings opportunities remain.
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CONSIDERATION: Energy efficiency program offerings should encourage heat pump
water heaters for both energy and demand savings. Demand response offerings for heat
pump water heaters will not have large effects during the summer or winter, but they may be
worth targeting if higher peak users could be identified or influenced through behavior-based
messaging.
CONCLUSION 4: Electric resistance heat has a surprisingly flat hourly load shape on
peak days and can be highly variable across households with the end use. The top 25% of
households with electric resistance heat consume approximately 10 times as much as the
median. It may be difficult to generate winter electric HVAC peak demand or energy savings
with program interventions because, without screening, low impacts are likely.
CONSIDERATION: Consider targeting high users to help increase savings. A bill-based
electric resistance heating targeting algorithm could be developed and tested using this
data. Consider further promoting dual fuel heat pumps as part of energy optimization
offerings due to their lower peak impact.
CONCLUSION 5: Electric resistance water heaters offer the largest non-HVAC, nonlighting opportunity for winter peak demand savings.
CONSIDERATION: If the PAs are looking for opportunities to reduce winter peak demand,
they should consider electric resistance water heater demand response opportunities.
CONCLUSION 6: HVAC end uses have summer system peak impacts that are more than
double ISO New England summer on-peak impacts, which means that using ISO New
England on-peak to account for the system peak benefits of HVAC energy efficiency
significantly undervalues these resources. In addition, the 2019 summer system peak
occurred from 4 p.m. to 6 p.m., and many of the highest hour loads for the year occurred
between 3 p.m. and 7 p.m. Hours later in the day have much higher coincidence with lighting
resources as well.
CONSIDERATION: Consider advocating for ISO New England to shift back the on-peak
definition to 2 p.m.-6 p.m., including June 1 through September 15, and making changes to
the seasonal peak definition to better align with system peak. Consider shifting all energy
efficiency resources bid into the ISO New England forward capacity market to ISO New
England seasonal peak resources because almost every measure will be about the same,
while lighting and HVAC will get much higher values. Consider changing avoided costs to
align better with system peak regardless of how the energy efficiency resource is being bid.
CONCLUSION 7: More than 10% of homes in Massachusetts purchased room ACs in 20202021, a similar proportion of homes that added room ACs in the prior year. This significant
increase may contribute to higher cooling consumption in future years. The flow of room ACs
into Massachusetts homes increases during summers with extreme high temperatures.
CONSIDERATION: Consider program activities and messaging that could help
increase the efficiency of room ACs purchased during heat waves.
CONCLUSION 8: The average logged space temperature during the 2019-2020 and 2020-2021
heating seasons for customers with programmable, manual, and smart thermostats was
approximately 67oF. The average logged space temperature during the cooling season was
approximately 75oF for customers with central AC or mini-split heat pump cooling systems.
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CONSIDERATION: The PAs should consider updating heating season setpoint
assumptions in program-related building energy models to use 67oF, and cooling season
setpoint assumptions to 75oF (for homes with cooling systems), the average logged space
temperatures from this study.
CONCLUSION 9: EV saturation is trending upward (2% saturation in 2018 and 3% saturation in
2020). Of EVs owned, 60% are fully electric and 40% are PHEVs. About 75% of fully electric
vehicles are high capacity (175+ miles). For customers with high capacity EVs, the average
demand while charging was between 6 kW and 10 kW per vehicle, with an average time
between charges of approx. 70 hours. For high capacity EVs, the average energy consumed
per charging event was between 20 kWh and 30 kWh, and vehicles charged for about 3-3.5
hours per charging event.
CONSIDERATION: Consider programs to incentivize EV owners to charge their
vehicles during non-peak times and to sign customers up for EV charging demand
response programs. Several PAs are piloting these program designs.
CONCLUSION 10: Space heating accounts for 81% of the annual natural gas
consumption and 94% of winter peak in Massachusetts homes. The average natural gas
demand is approximately 60% larger on the peak day as compared to a typical winter day.
Hourly residential natural gas demand peaks in the morning hours between 5 a.m. and 9 a.m.
with a secondary peak between 3 p.m. and 9 p.m. The morning peak is approximately 20%
larger than the evening peak. Overnight gas consumption for water heaters is relatively low.
CONSIDERATION: Consider targeting boilers and furnaces for gas energy efficiency
programs; gas water heaters may also present opportunities for gas demand
response programs.
CONCLUSION 11: For each home with a gas furnace or boiler that fully converts to electric
space heating, an average of 3 kW-8 kW is added across the winter peak day (3 kW-5 kW for
heat pump heating with a COP of 1.8-2.0, 6 kW-8 kW for electric resistance heating). The
morning hours between 5 a.m. and 9 a.m. could see higher added demands (up to 6 kW for
heat pumps and 10 kW for electric resistance heating).
CONSIDERATION: Consider added peak electric demands from heat pump
conversion when designing electrification program offerings.
CONCLUSION 12: More than 60% of customers reported staying home more during the
COVID-19 pandemic. Of those customers, around 50% expect this to be a permanent change
going forward. The pandemic had different impacts on the peak day behavior of HVAC end
uses—the peak day demand for cooling end uses increased, while the demand for heating end
uses decreased. Plug-in electric heat and central AC both saw notable increased peak demand
during winter and summer peak periods, respectively. The increase in plug-in electric heat is
likely due to people using space heaters near their home offices during work hours. Other end
uses with increased demand include kitchen end uses (refrigerator, freezer, dishwasher) and
laundry (clothes washers).
CONSIDERATION: Consider keeping track of changes in occupancy, behavior, and
end use consumption and peak demand during and after the COVID-19 pandemic and
updating potential study, TRM, and other inputs with future findings from the
Residential Building Use and Equipment Characterization Study.
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Appendix A. Methods
A.1 Online Survey
Guidehouse administered the follow-up survey and the new customer survey online using the
Qualtrics survey platform. The follow-up and new customer surveys used a combination of
emails and postcards for recruitment.
The team conducted two pilots via email invitation only for the follow-up survey in November
2020-January 2021 (494 customers) and January 2021 (500 customers) as part of rigorous
testing prior to the full launch. The follow-up survey fully launched to the remaining 5,414
customers in January-February 2021. Customers received an initial email invitation and up to
two reminder emails if they had not yet completed the survey.
Two postcard invitations were sent to all follow-up survey customers (pilot and full launch
customers) in January-February 2021. The email invitations and postcards included language
reminding customers they may receive email and postcard invitations for the same survey, but
they only needed to complete the survey once.
The team conducted one pilot via email invitation for the new customer survey in December
2020-January 2021 (1,000 customers) as part of rigorous testing prior to the full launch. These
pilot customers then received two postcard invitations along with the Wave 1 fielding. Similar to
the follow-up survey, the new survey email invitations and postcards included language
reminding customers they may receive email and postcard invitations for the same survey, but
they only needed to complete the survey once.
The new customer survey fully launched in three waves. Similar to the follow-up survey, new
survey customers received an initial email invitation and up to three reminder emails if they had
not yet completed the survey. Wave 3 included fewer emails and postcards to manage the
number of survey completes.
•

Wave 1 fielded to 19,000 customers: Up to three emails and two postcards sent AprilMay 2021.

•

Wave 2 fielded to 30,000 customers: Up to three emails 34 and two postcards sent JuneJuly 2021.

•

Wave 3 fielded to 33,000 customers: Up to two emails and one postcard sent September
2021.

Both surveys fully closed on October 7, 2021.
The follow-up survey achieved a response rate of 60%, which equates to 3,809 completes. The
new customer survey achieved a response rate of 3.2%, which equates to 2,666 completes.

34

Of these customers, 7,937 received an extra email clarifying a minor error in the initial invitation email.
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Between both surveys, 6,475 residents completed the surveys between November 2020 and
October 2021.
Guidehouse added several series of questions to the follow-up and new customer surveys in
Phase 5. These included new questions about EVs and impacts of the COVID-19 pandemic. EV
owners provided information on the make, model, year, and drivable distance of their EV(s), as
well as charger information and charging behavior. All survey respondents were also asked if
their energy usage changed in 2020 relative to 2019, and were asked if they experienced any of
the following changes:
1. Started working from home
2. Kids home/remote learning
3. Staying home more
4. Staying home less
5. More people living in the household
6. Fewer people living in the household
7. Cooking more
8. Cooking less
9. Used more AC in the summer
10. Used less AC in the summer
11. Used more heat in the winter
12. Used less heat in the winter
13. None of these changes have occurred
If respondents indicated they experienced any of these changes since early 2020, they were
asked if they were still experiencing the changes. If so, they were asked if they expected these
changes to be more permanent moving forward. If respondents indicated they started working
from home since early 2020, they were asked how many days per week one or more occupants
worked from home for three time periods: in spring and summer 2019, currently, and in 2021
and beyond (expected).
None of the questions related to the impacts of the COVID-19 pandemic referenced “COVID19,” “the pandemic,” or any other terminology related to the COVID-19 pandemic. Instead, the
questions used language related to time periods such as early 2020 to reference the time when
the impacts of the COVID-19 pandemic were likely to begin.

A.1.1 Follow-Up Survey
Guidehouse sent the follow-up survey to 6,408 of the 6,518 Massachusetts residents that
completed the survey in 2019, hoping to achieve as high a completion rate as possible to
maximize the number of residents staying in the panel study. The team sent an initial email and
postcard to 6,408 residents who completed the 2019 survey. The team sent up to two reminder
emails to residents who had not yet completed the survey and a reminder postcard to all
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residents who received an initial postcard. All emails and postcards included a link to the online
survey and mentioned that a $20 Tango e-gift card 35 would be offered to residents who
completed the survey. The team completed a pilot and rigorous testing prior to the survey’s full
deployment.
The primary goal of the follow-up survey was to update the saturation numbers collected from
the previous year. The survey asked residents to provide the number of units currently installed,
the number of units installed in the past year, and the number of units removed in the past year
for the 106 end uses. For example, residents were asked how many thermostats they had
currently installed in their home, how many thermostats they added to their home in the past
year, and how many thermostats they removed from their home in the past year. To maintain
ease of completion for the survey respondents, the survey did not require a response to each
end use (i.e., respondents could leave end uses blank). The 106 end uses were grouped by the
following categories: heating and cooling, kitchen equipment, domestic hot water equipment,
laundry equipment, outdoor/garage equipment, TV/computer equipment, and miscellaneous
equipment. One question also asked how many Wi-Fi-enabled devices were added to the home
in the past year.
The secondary goal of the follow-up survey was to collect characterization data for 42 high
priority end uses. If a resident said they added one of the high priority end uses in the past year,
it would trigger the characterization portion of the survey, where they would be eligible to
receive an additional $20 Tango e-gift card if they provided nameplate information for their new
equipment. The resident had the option of taking a photo of the nameplate, which included the
manufacturer and model information, or manually entering the manufacturer and model number
for their unit. The intent of these questions was to gather more specific detail on new equipment
being installed in resident homes throughout Massachusetts, such as size and efficiency of
equipment.
Table A-1 summarizes the follow-up survey recruitment and response results. To be eligible for
the characterization portion of the survey, the resident had to install one of the 42 high priority
end uses in the past year. To complete the characterization portion of the survey, the customer
had to agree to take the survey and provide nameplate information for the new unit by taking a
photo of the nameplate or manually recording the manufacturer and model number of the
equipment. In total, 60% of residents completed the saturation portion of the follow-up survey,
and 51% of residents eligible to take the characterization survey completed it. Residents who
indicated they no longer lived at the address on file were screened out of the survey and are not
included in the completion rate counts in Table A-1.
Table A-1. Follow-Up Survey Recruitment Summary
Wave
Total

Number
Contacted

Postcards
Sent

Emails
Sent

6,408

12,802

14,779

Saturation
Survey
Attempts

Saturation
Survey
Completes

Eligible for
Characterization
Survey

Characterization
Survey
Completes

n

%

n

%

n

%

n

%

4,246

66%

3,809

60%

1,632

43%

832

51%

Source: Guidehouse analysis

Tango e-gift card refers to the Rewards Genius and Tango Card platform. This platform allows customers to
redeem their incentive from a variety of retailers (such as Amazon), as a Visa card, or for charitable donation.
35
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A.1.2 New Customer Survey
The Guidehouse team distributed the online survey via email and postcard to 83,000
Massachusetts residents to achieve 2,666 useable completes. Postcards were mailed to utility
account addresses with an invitation to participate in the online survey and offered a $20 Tango
e-gift card for participating. Customers that had an email address associated with their account
also received email communications. Reminder postcards and emails were used to boost the
response rate of contacted residents.
The survey asked questions about the following general areas:
•

Premise occupant demographics such as number of occupants, age, work status,
income, and homeowner vs. renter

•

Basic building characteristics such as building type (single-family or multifamily), age,
window type, time since last significant renovation, and recent upgrades

•

Presence and basic type of major end uses and appliances, including those listed in
Table 1-1

•

Detailed building characteristics (subset of homes with specific responses)

•

Detailed appliance characteristics (including usage)

•

Thermostat saturation and usage

•

Temperature setpoints during summer and winter periods and occupancy patterns
during the same time periods

Responses from the online survey informed the load shapes in the following ways:
•

The online survey respondents formed the population frame from which the metered
sites were sampled.

•

The saturations calculated from the online survey responses and onsite visits were used
to scale the load shapes to the population. Appendix A.4 provides more information
about this process.

•

The binning variables used in the load shape calculations were determined through the
online survey responses.

•

The team created onsite end use targets based on saturations from the online survey
responses and adjusted for onsite findings.

The team thoroughly tested the final survey before implementing a pilot to 1,000 residents,
followed by three recruitment waves. Table A-2 summarizes the survey recruitment effort and
the response rate. In total, 3.2% of residents completed the saturation portion of the new
customer survey, and 40% of residents eligible to take the characterization survey completed it.
The characterization survey requirements for new survey respondents matched that for the
follow-up survey (described in Appendix A.1.1). Residents who indicated they did not live at the
address on file were screened out of the survey and are not included in the completion rate
counts in Table A-2.
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Table A-2. Survey Recruitment Summary
Number
Contacted

Wave

Postcards
Sent

Emails
Sent

Saturation
Survey
Attempts

Saturation
Survey
Completes

n

%

n

%

Eligible for
Characterization
Survey
n

%

Characterization
Survey
Completes
n

%

Pilot

1,000

2,000

2,784

58

5.8%

57

5.7%

26

2.6%

11

42%

Wave 1

19,000

38,000

39,833

633

3.2%

624

3.1%

254

1.3%

117

46%

Wave 2

30,000

60,000

23,008

1,269

4.2%

1,228

4.1%

479

1.6%

221

47%

Wave 3

33,000

33,000

11,262

605

1.8%

589

1.8%

1209

0.6%

95

45%

Total

83,000

133,000

76,887

3,154

3.8%

2,666

3.2%

1,126

42%

445

40%

Source: Guidehouse analysis

In Phase 5, Guidehouse updated the sampling methodology to target a representative
proportion of new customer survey responses from Mass Save participants and nonparticipants.
The team collaborated with DNV to add a participation flag to their active customer list to identify
customers who participated in one of 14 programs within the previous five calendar years
(2015-2019). Programs identified by DNV include Home Energy Services, Residential and
Income-Eligible Coordinated Delivery, New Homes and Renovation, retrofit initiatives, and
HVAC, water heating, and lighting programs. These customers were flagged as participants,
and all other customers were flagged as nonparticipants.
Nonparticipants tended to be a harder-to-reach population and had lower response rates than
previous Mass Save participants. Nonparticipants had a lower proportion of account records
with email addresses and could only be reached via postcard. The team considered the
response rates from prior waves of participants and nonparticipants separately to inform
sampling for Wave 2 and Wave 3 (described in additional detail in Table A-2). This allowed
development of samples aimed at achieving an overall representative level of responses by
program participation in the new customer survey.
Table A-3 and Table A-4 represent the division of participants and nonparticipants in the survey
data. The team was unable to flag all customers as participants or nonparticipants because of
gaps in the active customer list data.
Table A-3. Participant Response Rate Summary for Survey Sample
Participant

Survey Sample

Survey Completes

Response Rate

Follow-up

New

Follow-up

New

Follow-up

New

Participant

3,208

6,822

2,053

589

64%

8.6%

Nonparticipant

2,950

76,775

1,583

2,044

54%

2.7%

243

173

173

33

71%

19.1%

6,401

83,770

3,809

2,666

60%

3.2%

Unknown
Total

Source: Guidehouse analysis
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Table A-4. Participant Representation Summary for Survey Sample
Participants

Nonparticipants or
Unknown Participation

Total

General Massachusetts Population*

23%

77%

2,515,870

Follow-up Survey

54%

46%

3,809

New Customer Survey

22%

78%

2,666

Phase 5 Total Survey Completes

41%

56%

6,475

Population

*Based on analysis of DNV active customer list dataset with participation flags. Participant defined as having any
program participation in the previous five calendar years (2015-2019).
Source: Guidehouse analysis

A.1.3 Rolling Energy Resources Recruitment
Guidehouse worked with RER to collect EV monitoring data. Survey respondents from the
follow-up and new customer surveys self-reported EV ownership (EV Owners). The RER
platform is not compatible with all EV makes and models, so only some EV owners were eligible
to participate in the EV monitoring study (Eligible EV Owners). Additionally, customers who
participated in National Grid’s Off Peak Pilot Program or Eversource’s ConnectedSolutions EV
Home Charger Demand Response Program were not eligible to participate because these
programs incentivize behavior change. See Table A-5 for information on the eligible and
recruited customers.
Guidehouse recruited participants via email and offered a $50 36 Tango e-gift card for
participating in the study for 1 year. At the end of the study, participants will also receive a
personalized MyCharge Report detailing charging costs compared to gasoline, the participant’s
charging patterns, and ways to save.
Table A-5. Rolling Energy Resources Recruitment
EV Owners

Eligible EV
Owners

EV Owners
Recruited

RER Enrolled
EV Owners

212

141

135

37

Source: Guidehouse analysis

RER collects and analyzes data already collected by car manufacturers. RER collects
information on battery status including readings of charge level remaining, mileage (odometer
reading), charge status, and location of vehicle when charging (to determine the amount of EV
charging occurring at home or away from the home), as well as a derived kW value based on
the difference in the battery charge level. The team used this EV data collection as part of the
preliminary EV consumption analysis (analysis methods described in Section A.4.8 and results
in Section 2.7).

36 Initially, Guidehouse offered a $20 Tango e-gift card for enrollment. Guidehouse decided to increase the incentive
to $50 part way through the recruitment period to increase the sign-up rate. After increasing the incentive, the team
provided all participants who previously enrolled an additional $30 Tango e-gift card to make up this difference, so
that all enrolled participants received $50 regardless of the amount communicated during their recruitment.
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A.2 Onsite Sampling and Precision
Before the start of the Phase 5 onsite visits, Guidehouse presented the Phase 4 onsite
customers with the option to either stay in the study for another year and participate in Phase 5
or terminate their participation. Table A-6 summarizes the attrition of Phase 4 core sites during
the metered period from March 2019 through summer 2020, the number of customers who
opted out of Phase 5 of the study or were unresponsive to outreach attempts, and the required
number of replenish sites needed to bring the onsite sample back to 300 in Phase 5. The table
also shows the number of sites that left the study during the prolonged Phase 5 revisit and new
install period.
Table A-6. Onsite Recruitment Summary
Onsite Core
Sample
300

Onsite Sample Status

-29

Phase 4 core sites
Removal during Phase 4 metered period (i.e., customer
moves)
Opted out of Phase 5 of the study

-8

Unresponsive customers

-8

255

Remaining Phase 5 core sites

+40

New replenish site visits in Phase 5

295

Phase 5 core sites
Removal during Phase 5 field visit period (i.e., customer
moves)
Remaining metered sites at conclusion of Phase 5

-10
285

Source: Guidehouse analysis

In total, 255 Phase 4 onsite customers remained in the study for Phase 5. The team completed
new installation visits for 40 customers to replenish the onsite sample to 295 sites; however, 10
customers moved during the extended field visit period, bringing the total down to 285 sites.
These sites will be replenished in the upcoming Phase 6 of the study.
The completed responses from the follow-up and new customer online surveys served as the
population frame from which the 40 replenish sites in the onsite sample were drawn to bring the
core onsite sample closer to the target 300 sites. Having detailed information about each
respondent’s home and appliances allowed the team to thoughtfully replenish the onsite sample
capturing several different dimensions of the Massachusetts residential population to help meet
the objectives of the research.
The team used the following proportional quotas to ensure representativeness was maintained
as much as possible in the onsite sample:
•

Occupant type: owner-occupied vs. renter-occupied

•

Program interaction: previous program participation vs. no previous program
participation

•

Building type: single-family detached vs. single-family attached vs. multifamily

•

Heating type: gas heat only vs. electric heat present vs. other heat
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•

Income: low income vs. non-low income

•

Education: college degree vs. no college degree

•

Geography: urban, suburban, rural

•

Electric PA

•

Gas PA

•

Language spoken at home: English vs. language other than English

•

Presence of end use

In Phase 5, the team only recruited new install sites that did not have previous program
participation. Table A-7 summarizes the proportion of program participation for the onsite
sample at the beginning of Phase 5 and at the end of Phase 5. The team was able to reduce the
percentage of known program participants in the onsite sample from 52% to 45% in Phase 5. In
Phase 6, the team plans to continue recruiting exclusively from the nonparticipant pool to get
closer to the general population program participation proportion of 23%, shown in Table A-4.
Table A-7. Participant Summary for Onsite Sample
Participants

Nonparticipants

Unknown

Sample
Size

Beginning of Phase 5

52%

35%

13%

292

Revisit Sites in Phase 5

52%

36%

12%

245

Newly Installed Sites in Phase 5

0%

100%

0%

40

Onsite Sample at End of Phase 5

45%

45%

10%

285

Onsite Visit Phase

Source: Guidehouse analysis

As part of the Phase 5 study, the team investigated the impact of the onsite sample not being
representative by participation on the metered results to determine if the analysis needed to be
updated accordingly. The metered demand for all end uses across three time periods of interest
(annual, summer, and winter seasonal peaks) was compared to updated values calculated by
post-weighting by the participation variable. Out of the 55 combinations of end use and time
period, only four (secondary refrigerator winter peak, primary TV annual and summer peak, and
electric water heater winter peak) showed statistically significant differences when using the
post-weights. 37 Based on this result, the team determined that it was not necessary to use postweighting to address this issue. Instead, recruitment for new sites was limited to nonparticipants
in this phase and will continue to be in future phases until the onsite sample is representative by
program participation.
Oversample sites from Phases 2 and 3 of the study were removed from the onsite sample prior
to Phase 4 of the study, except for those sites that did not require an onsite visit to download
plug load logger data or to troubleshoot the eGauge internet connection (11 sites). These 11
sites have the following oversampled end uses: heat pump water heaters and pool pumps.
These sites were given the option to stay in the study for Phase 5 and offered an incentive

Significant difference was defined as cases when the post-weighted number was not within the 90% confidence
error band of the original number.
37
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without requiring a dedicated site visit this phase. Three of the 11 sites decided to opt out in
Phase 5, with eight remaining in the sample.
The team added EV chargers as an oversample end use in Phase 5, with the goal of conducting
onsite metering at 38 homes, with 10 of the onsite vehicles also enrolled through RER data
collection. Table A-8 provides the sample plan and achieved metered sample; the population of
cars are stratified based on vehicle type, battery size, charger type, and whether the car was
enrolled in data collection through RER.
The team mailed out logging equipment to 19 sites with Tier 1 chargers and conducted onsite
visits at 16 sites with Tier 2 chargers for a total onsite metered sample of 35 vehicles. Four of
these vehicles are also enrolled in RER data collection. The team will perform a validation
analysis of the RER EV charger consumption data as part of the Phase 6 study.
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Table A-8. EV Oversample Sample Disposition
Charger
Type

Quantity
from Survey

Quantity from
Survey (Excl.
Chevrolet)*

RER
Enrolled

Targeted
Onsite
Metered
Sample

Achieved
Onsite Metered
Sample

PHEV

Level 1

77

50

No

10

14

Low Capacity EV
(0-175 miles)

Level 1

22

22

Yes

2

0

The only eligible site charged outdoors without a
suitable covering for the plug load logger.

No

3

2

All eligible sites emailed twice and called once.

Low Capacity EV
(0-175 miles)

Level 2

Yes

2

1

All eligible sites were recruited.

No

2

0

No eligible sites in the sample.

Yes

3

0

The only potential site mistakenly indicated that
they had a Level 1 Charger when they had a
Level 2 Charger.

No

4

3

All eligible sites emailed twice and called once.

Yes

3

3

No

9

12

38

35

Vehicle Type
and Battery Size

High Capacity
EV (175+ miles)
High Capacity
EV (175+ miles)
Total

Level 1

Level 2

6

18

1

10

78

55

201

138

Recruitment Notes

Ultimately recruited three less sites than
planned due to the above outlined reasons.

*Considering Chevrolet battery recall safety concerns, Guidehouse decided to omit Chevrolet EVs from the study outreach.
Source: Guidehouse analysis
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Most of the EV oversample strata targets were successfully met. However, for those that were
not, a variety of factors impacted recruitment, including a limited quantity of vehicle owners to
contact within certain strata and metering limitations. Participants were asked to confirm they
charged their EV indoors, and if they charged outdoors, whether the plug load logger would be
protected from weather (loggers are not waterproof). Additionally, in August 2021, Chevrolet
announced their recall on all Chevrolet Bolt EVs due to safety concerns. Considering these
safety concerns, Guidehouse omitted Chevrolet EVs from the study outreach.
Table A-9 shows the targeted and achieved precision values at 90% confidence for all end
uses, based on the total number of sites in the onsite sample. The data in Table A-9 includes
the oversampled sites for the five end uses that have been flagged. Some end uses, including
ground source heat pumps, tankless water heaters, aquaria, large battery chargers, well pumps,
booster pumps, and EVs, have been flagged as explicitly having no specific precision target due
to the expense required to achieve the target. The field technicians metered these end uses
when they showed up in the core sample but did not structure the sample to target them. For
these end uses, only anecdotal information is likely to be derived from this study, but the team
analyzed these results if there were more than five sites with any given end use.
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Table A-9. Targeted Sampling Assumptions and Achieved Sample
End Use

Targeted End Use
Precision – Energy

Targeted End Use
Precision – ISO New
England Peak

Actual End Use
Precision –
Energy

Actual End Use
Precision – OnPeak

Actual End Use
Precision – System
Peak

10.1%
15.8%
84.3%
20.5%

9.9%
28.2%
93.6%
77.2%

11%
16%
N/A
31%

10%
13%
N/A
24%

8%
11%
N/A
23%

Central AC/Heat Pump
Room AC
Ground Source Heat Pump
Other Electric Heat
Space Heaters/Plug-in
Fireplaces
Boiler Circulator Pump
Other Fuel Furnace Fan
Dishwasher
Freezer
Refrigerator
Second Refrigerator
Hot Water Heater
Tankless Hot Water Heater
Heat Pump Water Heater

15.0%

36.8%

33%

23%

23%

6.7%
6.6%
9.0%
11.2%
3.0%
10.7%
6.7%
186.1%
13.0%

5.8%
1.7%
30.1%
10.4%
2.7%
9.6%
15.0%
415.6%
29.1%

14%
12%
11%
14%
5%
17%
17%
N/A
24%

12%
12%
12%
10%
4%
12%
11%
N/A
27%

11%
11%
30%
10%
3%
13%
17%
N/A
49%

Washer
Electric Dryer
Dehumidifier
Aquarium
Golf Cart/Large Battery Charger
Well Pump
Sump Pump
Booster Pump
Pool Pump
EV Charger

7.0%
5.4%
11.2%
41.1%
45.5%
48.6%
25.3%
36.3%
18.2%
N/A

25.4%
17.6%
10.3%
41.1%
45.5%
45.6%
25.6%
39.6%
20.2%
N/A

11%
9%
19%
N/A
N/A
N/A
N/A
N/A
21%
N/A

9%
9%
12%
N/A
N/A
N/A
N/A
N/A
19%
N/A

20%
24%
14%
N/A
N/A
N/A
N/A
N/A
20%
N/A

Source: Guidehouse analysis
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A.3 Onsite Metering
In each of the sites in the onsite sample, the team installed electric consumption, space
temperature and relative humidity, and whole home natural gas and proxy data loggers, when
feasible.

A.3.1 Electric Metering
In each of the 300 core sites in the onsite panel study, the team installed metering equipment on
all applicable energy-consuming equipment to determine end use load consumption and load
shape at customer homes. The full list of metered equipment and end uses of interest in this
study are listed in Table 1-1.
The team installed two types of electric meters in customer homes:
1. eGauge: An energy monitoring system installed in residential electric panels 38
2. Onset UX-120 Plug Load Meters: A meter installed directly between the electric end
use equipment and the power outlet 39
The eGauge and Onset meter setups are shown in Figure A-1 and Figure A-2.
Figure A-1. eGauge Electric Energy Metering Setup in Customer Homes

Source: Guidehouse analysis

For more information about eGauge meters, refer to http://www.egauge.net/products/EG3010/.
For more information about Onset plug load meters, refer to http://www.onsetcomp.com/products/dataloggers/ux120-018.
38
39
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Figure A-2. Onset Plug Load Logger Used in Customer Homes

Source: Guidehouse analysis

The team programmed both the eGauge and Onset plug load meters to measure the 1-minute
power consumption of each piece of metered equipment. The meters were programmed to
calculate an average energy consumption value for each minute of recording.
For all metered equipment, the team determined the optimal metering device to use based on
several factors, including whether the equipment was installed on a dedicated circuit, if the
power outlet was accessible, and customer preference. Whenever possible, the team used the
eGauge to meter the equipment because it can connect remotely to secure eGauge proxy
servers, allowing analysts to access the data in real time for analysis and quality control. To
establish communication between the eGauge and the proxy server, the team used a Homeplug
device, which transmits the eGauge data from the customer’s electric panel to a router through
powerline communication technology. The team used either the customer’s personal internet
router or a cellular modem to securely transmit the metered data to the eGauge servers.
Throughout the metering period, the team monitored the eGauges remotely daily to ensure they
maintained internet connection and high data quality.
The eGauge metering setup is not appropriate for equipment that is mobile or is not on
dedicated electrical circuits, such as space heaters, room ACs, and televisions. For this
equipment, the team used the Onset plug load logger, installing it directly between the
equipment of interest and the electrical outlet. The team secured the meter to the appliance to
ensure that it stayed with the appliance of interest, not at the outlet.
The initial meter installation period during Phase 2 of this study occurred between March and
June 2017. In Phase 3, the team revisited 312 core and oversample sites in the fall of 2018
(between September and November 2018) to download metered data from the Onset plug load
loggers, install meters on newly purchased equipment, and collect characterization data on the
equipment. In Phase 4, the team revisited 240 core sites in the fall and winter from 2019-2020
to download metered data, collect characterization data, install energy meters on newly
purchased equipment, and install space temperature and whole home gas meters when the
home had an eligible gas meter. The resulting metered period for each logged equipment
spanned 11-16 months for this phase of the analysis. The team conducted initial meter
installation at 60 sites to replenish the onsite panel to 300 total core sites. The onsite visit period
for Phase 4 occurred between October 2019 and March 2020.
In Phase 5, Guidehouse revisited 255 core sites from fall 2020 through summer 2021. The team
conducted 40 meter installations to replenish the onsite sample to 295 total core sites, however,
with 10 customers moving during the Phase 5 metered period, the final metered sample at the
end of the Phase 5 period was 285 sites. The team also completed installations at 18 Tier 2 EV
oversample sites. The breakout of the site visit schedule is shown in Table A-10.
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Table A-10. Phase 5 Onsite Visit Timeline
Site Visit Batch

Timeframe

Revisits in Fall
2020

October 21, 2020November 20, 2020

Number
of
Visits

Number of
Uninstalls

166

18

Mix of revisits and uninstallations
completed prior to second wave of the
COVID-19 pandemic in Massachusetts.

Notes

Revisit Porch
Visits

February 3, 2021March 10,2020

43

0

Revisits conducted at sites that did not
require entry to home. Homeowners
detached loggers temporarily for field
techs to download data socially distanced
outdoors.

Revisits in
Summer 2021

June 8, 2021-August
3, 2021

54

14

Mix of revisits and uninstallations
completed after vaccinations were widely
available.

Phase 5 New
Installs

August 9, 2021September 30, 2021

58

Includes 40 core new installs and 18 Tier
2 EV oversamples.

Source: Guidehouse analysis

A.3.2 Natural Gas Metering
During Phase 4 of the study, Guidehouse installed Copper Labs gas meters on all homes with
eligible gas meter technology and the ability to connect to a Wi-Fi network. 40 The Copper Labs
device works on Type 12 automated meter reading (AMR) devices with bubble-up or always on
broadcasting AMR modules. The Copper Labs meter collects medium frequency (1-minute
interval) whole premise gas consumption by reading the AMR broadcasts from the connected
gas meter and recording the readings on Copper Lab’s secure servers. 41 In Phase 5, the team
troubleshot meter installations and continued to install Copper Labs gas meters at new
installations.
During Phase 5, the team was able to continue Copper Labs meter installation and build the
sample to 71 sites with gas meters. The common constraints that prevented further installations
are listed below.
•

Gas meter access constraints: The gas meters were in a remote area of the building
and the AMR signal was out of range of the Copper Labs meter installed within the
customer’s residence. This was common in multifamily dwellings. Approximately 21%
onsite customers with gas meters had this constraint.

•

Incompatible gas meter: The Copper Labs meter only works with Type 12 AMR meters
with always on broadcasting modules. Approximately 37% of gas meters in the onsite
sample were not compatible with the Copper Labs meter.

More information about the Copper Labs meter device can be found at https://www.copperlabs.com/. The meter
also works with electric and water meters with the appropriate broadcasting AMR modules. This functionality may be
useful for future research objectives.
41 The readings recorded every minute track the gas meter’s current value, but the gas meters typically only
increment in units of 0.02 CCF (~2.1 kBtu). As a result, there is some uncertainty in the data when the gas
consumption occurred, except in cases where the meter increments in successive minutes.
40
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•

Internet connectivity constraints: Lack of internet connectivity and other network
constraints prevented the installation of the Copper Labs meters at approximately 15%
of sites.

In Phase 4, in addition to collecting whole home gas readings, the team collected gas appliance
readings in a subset of 20 homes with a working Copper Labs gas meter for the gas
disaggregation end use consumption pilot study. 42 This study targets metering of gas water
heaters, clothes dryers, fireplaces, furnaces, and boilers. For the sites with end use data
collection, the team collected the following additional data points to assist with the
disaggregation of end use gas consumption from whole home metered consumption conducted
in Phase 4.
•

Proxy electric data: The team used all available proxy electric data from the eGauge
and plug load loggers installed these sites to identify when electric components of the
equipment are running. The timing of electric consumption of the electric components
frequently did not align exactly with the gas consumption of the end use but are instead
time shifted (i.e., the furnace fan starts after the gas has been firing for some length of
time and continues to run after the gas stops).

•

Gas solenoid value logging: The team installed on-off loggers on all accessible gas
solenoid valves to track gas consumption on each device of interest. This approach was
successful in previous studies for furnaces and boilers with fixed or two-stage capacity.

•

Exhaust duct temperature logging: The team installed surface temperature loggers on
exhaust ducts to determine the approximate timestamp of gas firing. Similar to the proxy
electric data, the timing of the duct surface temperature increase or decrease is slightly
time shifted (on the order of +/- 30 seconds per runtime event) before or after the gas
unit firing.

42 In Phase 5, the team installed whole home gas meters and gas ends use loggers at an additional nine sites. The
data from these nine additional sites are not included in the analysis in Phase 5 but will be used in future Phases of
the study
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Table A-11. Gas End Use Data Collection For Each Device of Interest
Gas Input Rate
(kBtu/hr)

Proxy Electric
Data

Gas Solenoid Value
or Motor On/Off
State Logging

Exhaust Duct
Temperature
Logging

Gas furnace

Discrete single or two
stage, 45-200

Furnace fan

Yes

Yes

Single speed gas boiler

Discrete, single stage,
45-200

Boiler circulator
pump

Yes

Yes

Discrete, 34-42

Exhaust fan

Yes

22

Dryer operation

Yes

Gas fireplace

Discrete, 10-70

Blower fan

Yes

Gas range

Variable, 1-30

Yes*

Gas oven

Discrete, 16-17

Yes*

TBD

Yes*

Gas End Use

Gas hot water heater
Gas dryer

Other (Gas grill, gas hot
tub, gas pool heater)

*The team attempted to install space temperature loggers in vent hoods as a proxy for cooking equipment use.
Source: Guidehouse analysis

A.3.3 Space Temperature Logging
During Phase 4 of the study, the team installed Lascar Electronics space temperature loggers at
all homes with the ability to connect to a Wi-Fi network. 43 The team installed one temperature
logger per thermostat in the home, up to a maximum of three per home. If the home had more
than three thermostats, the team installed the loggers adjacent to the thermostats that control
the three largest conditioned areas of the home. The first temperature logger installed in the
home recorded both space temperature and space relative humidity. Each subsequent logger
installed in the same home recorded only space temperature. When possible, the field
technicians installed the temperature loggers on the wall next to the thermostat. In instances
where the participant preferred that the team not install a data logger on the wall in direct sight
of occupants, the team placed the temperature logger on a nearby table or other furniture, or
behind furniture. The team took every available precaution to limit the space temperature
logger’s exposure to miscellaneous heat sources, such as sunlight through windows or heatemitting electronics.
The space temperature loggers are Wi-Fi-enabled and connected to either an access point or
the customer-provided internet data connection, enabling remote data collection, quality control,
and timely analysis.
In Phase 5, the Guidehouse team installed new batteries in the existing pool of space
temperature loggers and continued to install space temperature loggers at new sites. As of this
report writing, the team was able to successfully connect space temperature and relative
humidity data loggers in 173 homes. Lack of internet connectivity, network issues between the
access point and participants’ modem/router, and participant preference to disallow the
More information about the Lascar Electronics devices can be found at https://www.lascarelectronics.com. ELMote-TH and EL-MOTE-T devices were used in this study.
43
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installation of the space temperature data loggers prevented installation in all sites in the onsite
sample.

A.4 Data Analysis
The saturation and load shape data analysis followed the steps listed in Appendix A.4.1 to
A.4.3. The saturation data analysis is included because the saturation results played an
important role in scaling the load shape results, as explained in Step 3 in Appendix A.4.2. The
gas load shape data analysis, space temperature data analysis, and delivered fuels data
analysis followed the steps in Appendix A.4.4, A.4.5, and A.4.6, respectively.

A.4.1 Saturation Data Analysis
To derive updated saturation results, Guidehouse cleaned and summarized data from the latest
phase of the online saturation and characterization survey, as outlined in Appendix A.1.
Customers who completed the online survey in 2019 were sent a follow-up survey asking about
what had changed in the past year, and a batch of new customers were sent the new customer
survey. The team combined the results from the original survey with the results from the new
survey to generate saturations for all equipment types in residential homes in Massachusetts.
Saturations were adjusted based on onsite verification and post-weighted based on the
demographics of the survey respondents and the state of Massachusetts.
Step 1: Clean data
•

For values that appeared to be mistakes in the survey responses: For quantities greater
than 10 for most end uses or greater than 20 for sink faucets, showers, and gas lighting,
values were changed to 1.

•

For heating systems, boilers and furnaces were switched based on the distribution type
that was indicated. Where radiators were stated, the heating system was changed to
boiler and where ducts were indicated, the system was changed to furnace.

•

For ductless ACs where responses indicated the unit could also provide heat, AC was
changed to heat pump.

Step 2: Adjust raw survey data using onsite findings: The team used onsite data to adjust
saturations using the ratio of the number of each type of equipment verified onsite to the
number of each type of equipment claimed in the survey for each of the 300 sites visited for
metering. Onsite adjustment factors were used for all end uses present in at least 10 sites.
Step 3: Adjust original survey data using the results of the follow-up survey: The data for
all customers from the Phase 4 survey was adjusted by the results of the follow-up survey in
Phase 5, in which each customer was asked the current quantity of each end use, as well as the
quantity added and removed in the past year. In cases where the customer indicated that the
quantity had been changed, the Phase 4 quantity was updated to the Phase 5 quantity
accordingly, while in cases where no change was indicated the Phase 4 quantity was used.
Step 3: Apply post-weights: In conjunction with the survey responses, the team developed a
set of weights using demographics information from the American Community Survey. The
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demographics selected for weighting results were education level (college degree vs. no college
degree) and primary language spoken (English vs. non-English). The team selected these two
demographics because they had the largest effect on saturation results, they were the two
demographics where the survey sample and Massachusetts population differed the most, and
they were not highly correlated with each other.
Step 4: Calculate saturations: For each combination of two of the demographic slicing
variables and for each individual slicing variable, separate saturations and quantities were
computed for the entire Massachusetts population of that demographic. Post-weights were
normalized for each combination of slicing variables to sum to 1. The weighted proportion of
homes with the end use and weighted mean quantity per home were then calculated for each
end use. The team also computed absolute precision at the 90% confidence level.
The saturations from 2017 have not been included in the saturation trends plots in this report
due to differences in the survey instrument used in 2017 compared to the other survey years;
these differences make comparisons with future years misleading.

A.4.2 Electric Load Shape Data Analysis
The load shape analysis consisted of five high level steps. First, 1-minute metered data from
eGauge and Onset data loggers connected to all manner of equipment was cleaned and
aggregated to create a dataset that has hourly data for each end use at each site. Next, the
clean hourly data was summarized across sites for multiple time periods of interest to compute
the energy consumption and demand for sites that have each end use. Finally, the estimates for
homes with each end use were combined with saturations to compute consumption and
demand of each end use for the Massachusetts population.
Step 1: Clean data: For the 1-minute data, eGauge and plug load meter data was checked for
reasonableness and usability. Systematic checks for incorrect configuration were combined with
engineering judgment to determine whether to keep or drop data from each source. Some data
was excluded from the analysis, including where eGauges were logging multiple loads on a
single register or considerable noise was observed in the data. In some cases, the data from
hobo loggers could be subtracted from eGauge registers to isolate an end use. Additionally, for
some end uses that were not logged because they are never used, data was filled in with zeros.
Step 2: Aggregate to site, end use, hourly granularity: First, for each logged piece of
equipment, 1-minute data was aggregated to hourly data by computing the average kilowatts
observed in each hour. Next, hourly unit data was summed into end use totals at each site for
each hour.
Adjustments: For hours where not all units of a given end use were logged (e.g., only
two out of three room ACs), data was scaled up using the ratio of total units to logged
units.
Step 3: Calculate site-level end use load shapes: For each site, end use, time period
(individual months, peak days, peak periods), and day type (weekdays, weekends, all days) of
interest, the average kilowatts were computed.
Exceptions: The team removed data where a site and end use combination had less
than half of the total hours in the period logged. For example, for the month of June,
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which has 720 total hours, only sites with 360 or more hours of data for a given end use
were included in the average.
Modifications: Certain end uses were combined to broader categories, and data was
summed across end uses to arrive at category (e.g., HVAC)-level average kilowatts per
period. Specific combinations are provided in Table A-12.
Table A-12. Combined End Uses for Load Shape Analysis
Category

End Uses Combined

Hardwired Electric
Heat

Electric baseboard heat, electric furnace

HVAC – Misc.

Whole house fans, fireplace blowers, heat recovery
ventilators, bathroom fan heaters, and ground source
heat pumps

Domestic hot water
(DHW) – Gas/Oil

DHW – gas, DHW – gas tankless, DHW – oil, DHW –
propane

Misc. Metered

Pool heaters, hot tubs, EV chargers, battery chargers,
booster pumps, freeze prevention, fish tanks, water
beds

Source: Guidehouse analysis

Step 4: Calculate load shapes for homes with each end use: For each demographic slicing
variable, end use, and time period, the average kilowatts across sites was computed. Statistics
(standard error and relative precision) were also computed at this level based on the variation in
the site-level results.
Exceptions: The team removed data for demographic and end use combinations where
there was data from less than five sites. For example, for end use XXX and demographic
YYY, there were only four sites, so no result was computed for that combination.
Step 5: Calculate load shapes for the Massachusetts population: The average kilowatts per
home, end use, category, and time period from the previous step were multiplied by the
corresponding statewide saturation (for each end use and demographic) to compute statewide
average kilowatts for each end use across all homes.
Modifications: The remaining load values were computed by subtracting all metered
end use load shapes from whole home average consumption.
Figure A-3 is a schematic representation of the saturation and load shape analysis.
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Figure A-3. Saturation and Load Shape Analysis Map

Source: Guidehouse analysis

A.4.3 Electric Weather Normalization
After calculating the electric end use load shapes for the metered period, the next step was to
weather-normalize the electric load shapes to estimate the usage in a typical weather year
using econometric regression analysis.
To determine the final regression model formulation for each end use, the team performed
model selection using an iterative process based on 5-fold cross-validation to determine the
best model while avoiding over-fitting. The method was as follows:
1. Add new predictor variables into the model one at a time based on the expected
significance of the term from exploratory data analysis and engineering judgment. For
numeric variables, try out polynomial terms up to the fourth degree.
2. Calculate the average error across all five cross-validation folds based on the weighted
average error described above.
3. Keep the terms that result in a noticeable reduction in error, on average, across all folds.
4. Repeat steps 1-3 for all relevant variables.
5. Check the residuals plots of the final models to look for nonlinearity, heteroskedasticity,
outliers, and correlation over time.
After deciding on the optimal model formulation using cross-validation, the final models for each
end use were re-run on the entire dataset. The team performed model selection by category for
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groups of similar end uses, but all model coefficients were calculated for each end use
individually. The final model formulations by category were as follows.
Equation A-1. Cooling Model
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Equation A-2. Heating Model
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Equation A-3. Dehumidifier Model
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Equation A-4. Pool Pump Model
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𝑦𝑦𝑡𝑡 = � 𝛽𝛽1,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 + � 𝛽𝛽2,𝑚𝑚 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡 + 𝛽𝛽3 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 + � 𝛽𝛽4,𝑏𝑏 ∙ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡 )𝑏𝑏 + � 𝛽𝛽5,𝑐𝑐 ∙ (𝑀𝑀𝑀𝑀4_𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡 )𝑐𝑐
ℎ=1

𝑚𝑚=1
24 12

+ � � 𝛽𝛽6,ℎ,𝑚𝑚 ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡
ℎ=1 𝑚𝑚=1
24

12

3

𝑏𝑏

𝑛𝑛

+ � 𝛽𝛽7,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 + � � 𝛽𝛽8,𝑚𝑚,𝑏𝑏 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡 ∙ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡 ) + � 𝛽𝛽9,𝑠𝑠 ∙ 𝑆𝑆𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡
ℎ=1

𝑚𝑚=1 𝑏𝑏=1

𝑠𝑠=1
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Equation A-5. Refrigerator/Freezer Model
24

12

2

2

𝑏𝑏=1

𝑐𝑐=1

𝑦𝑦𝑡𝑡 = � 𝛽𝛽1,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 + � 𝛽𝛽2,𝑚𝑚 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡 + 𝛽𝛽3 ∙ 𝐷𝐷𝐷𝐷𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡 + � 𝛽𝛽4,𝑏𝑏 ∙ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡 )𝑏𝑏 + � 𝛽𝛽5,𝑐𝑐 ∙ (𝑀𝑀𝑀𝑀4𝐶𝐶𝐶𝐶𝐶𝐶 𝑡𝑡 )𝑐𝑐
ℎ=1

𝑚𝑚=1
24 12

24

ℎ=1 𝑚𝑚=1
12 2

ℎ=1

+ � � 𝛽𝛽6,ℎ,𝑚𝑚 ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡 + � 𝛽𝛽7,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 ∙ 𝐷𝐷𝐷𝐷𝑦𝑦𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑡𝑡
𝑛𝑛

𝑏𝑏

+ � � 𝛽𝛽8,𝑚𝑚,𝑏𝑏 ∙ 𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑚𝑚,𝑡𝑡 ∙ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡 ) + � 𝛽𝛽9,𝑠𝑠 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆𝑒𝑒𝑡𝑡
𝑚𝑚=1 𝑏𝑏=1

𝑠𝑠=1

Equation A-6. Water Heating Model
24

2

𝑦𝑦𝑡𝑡 = � 𝛽𝛽1,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 + 𝛽𝛽2 ∙ 𝐷𝐷𝐷𝐷_𝐴𝐴𝐴𝐴𝐴𝐴_𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑡𝑡 + 𝛽𝛽3 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 + � 𝛽𝛽4,𝑏𝑏 ∙ (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡 )𝑏𝑏
ℎ=1

24

24

ℎ=1

ℎ=1

𝑏𝑏=1

𝑛𝑛

+ � 𝛽𝛽5,ℎ ∙ 𝐻𝐻𝑟𝑟ℎ,𝑡𝑡 ∙ 𝐷𝐷𝐷𝐷_𝐴𝐴𝐴𝐴𝐴𝐴_𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑡𝑡 + � 𝛽𝛽6,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 + � 𝛽𝛽7,𝑠𝑠 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡
𝑠𝑠=1

Equation A-7. All Other End Uses Model
24

12

24

12

𝑦𝑦𝑡𝑡 = � 𝛽𝛽1,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 + � 𝛽𝛽2,𝑚𝑚 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡 + 𝛽𝛽3 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷_𝑇𝑇𝑇𝑇𝑝𝑝𝑒𝑒𝑡𝑡 + � � 𝛽𝛽4,ℎ,𝑚𝑚 ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡
ℎ=1

𝑚𝑚=1
24

𝑛𝑛

+ � 𝛽𝛽5,ℎ ∙ 𝐻𝐻𝐻𝐻ℎ,𝑡𝑡 ∙ 𝐷𝐷𝐷𝐷𝐷𝐷_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡 + � 𝛽𝛽6,𝑠𝑠 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡
ℎ=1

Where:
𝑦𝑦𝑡𝑡

ℎ=1 𝑚𝑚=1

𝑠𝑠=1

=

Hourly consumption in hour t.

𝐻𝐻𝐻𝐻ℎ,𝑡𝑡

=

A set of 24 flag variables corresponding to hour ending, where each flag
is set to 1 if h is equal to the hour ending t falls in.

=

A set of 12 flag variables corresponding to month, where each flag is set
to 1 if m is equal to the month t falls in.

𝐷𝐷𝐷𝐷𝐷𝐷_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡

=

A flag variable corresponding to day type, to 1 if t falls on a weekday and
0 if it falls on a weekend or federal holiday.

=

The normalized heat buildup observed in hour ending t. Normalized heat
buildup is calculated as follows:

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑚𝑚,𝑡𝑡
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡

72

NHBU =
𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡

=

∑ (0.96) ∗ ( HeatIndex t hours prior )
t =1

t

1, 000

The cooling degree hours observed in hour ending t. For this study CDH
is defined as the greater of either the temperature in Fahrenheit less 65°
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or 0. CDH with base temperatures of 70°F and 75°F were also tested,
and it was determined that base 65°F produced the best fit.
𝑀𝑀𝑀𝑀4_𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡

=

The 4-hour moving average of cooling degree hours (base 65°F)
observed in hour ending t.

=

The 24-hour moving average of cooling degree hours (base 65°F)
observed in hour ending t.

𝐿𝐿𝐿𝐿𝐿𝐿_𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡

=

The cooling degree hours (base 65°F) observed in hour ending prior to t
(lagged by 1 hour).

𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡

=

The heating degree hours observed in hour ending t. For this study HDH
is defined as the greater of either 65°F less the temperature in Fahrenheit
or 0.

𝑀𝑀𝑀𝑀4_𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡

=

The 4-hour moving average of heating degree hours (base 65°F)
observed in hour ending t.

=

The 24-hour moving average of heating degree hours (base 65°F)
observed in hour ending t.

𝑅𝑅𝑅𝑅𝑡𝑡

=

The relative humidity in hour ending t, expressed as a percentage.

𝑀𝑀𝑀𝑀6_𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡

=

The 6-hour moving average of global horizontal radiation.

𝐷𝐷𝐷𝐷_𝐴𝐴𝐴𝐴𝐴𝐴_𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀ℎ𝑡𝑡

=

The 30-day moving average of outdoor dry bulb temperature observed in
hour ending t, used as a proxy for the water main temperature (used in
the water heating model).

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡

=

Dummy variables for each individual site.

𝑀𝑀𝑀𝑀_24𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡

𝑀𝑀𝑀𝑀_24𝐻𝐻𝐻𝐻𝐻𝐻𝑡𝑡

To produce typical year results, the team ran the final models on 15 years’ worth of actual
weather data from Worcester, Massachusetts (chosen as a representative weather station).
Results were derived as follows:
1. Calculate average energy consumption for each end use in each month and peak
period.
a. For peak periods, determine the day of the system summer/winter peak for each
year based on historical ISO New England load data 44 and calculate the average
consumption in the peak hours (1 p.m.-5 p.m. in the summer, 5 p.m.-7 p.m. in the
winter) on those days.
2. Sum the modeled population energy consumption (per-home consumption x saturation)
across all end uses to get the typical home consumption.
3. For each month and peak period, choose the weather year that resulted in the median
typical home consumption across all end uses
4. Sum the data from the chosen months to derive the annual results

Table A-13 shows the years chosen.

Historical ISO New England data was pulled from the “Daily Summary of Hourly Data” files found on the ISO New
England website: https://www.iso-ne.com/isoexpress/web/reports/load-and-demand/-/tree/zone-info.
44
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Table A-13. Weather Years Used by Time Period
Time Period

Weather Year

Summer Peak Days

2015

Winter Peak Days

2013

Summer On-Peak

2011

Summer Seasonal Peak

2015

Summer System Peak

2015

Summer Residential Peak

2015

Winter On-Peak

2018

Winter Seasonal Peak

2011

Winter System Peak

2013

Winter Residential Peak

2013

January

2010

February

2004

March

2011

April

2016

May

2004

June

2014

July

2008

August

2015

September

2016

October

2013

November

2010

December

2004

Source: Guidehouse analysis

A.4.4 Gas Load Shape Data Analysis
The gas load shape analysis performed for this report is based on whole home gas data
collected at 71 sites and proxy end use gas data collected at a subset of 20 sites in the Phase 4
study. 45 Guidehouse first investigated the data quality and availability, which broke down as
follows:
•

Whole home gas consumption: Of the 71 homes with gas whole home meter data
collection via the Cooper Labs meters, 60 had sufficient data to be used in the analysis
(no large data gaps). The primary failure mode for these meters was network
connectivity issues. While the Copper Labs meters provide data every minute, they only
report the latest reading of the connected utility gas meter. Importantly, most utility gas
meters in the study only provided readings in increments of 0.02 CCF (~2.1 kBtu), which

Guidehouse did not update the gas load shape analysis in Phase 5 due to the possible influence of COVID-19 on
end use gas usage. The team used the gas usage data collected as part of the Phase 4 study (winter 2019-2020
through summer 2020) for the analysis. This analysis may be updated in future study phases.

45
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significantly masks the minute-by-minute usage signals from smaller gas end uses. For
example, a water heater running at 40 kBtu/h would need to run for 3.1 minutes before
the meter would increment, while a clothes dryer at 20 kBtu/h would need to run for 6.2
minutes before the meter registered that usage. This presented a significant challenge
for disaggregating this data, as discussed below.
•

Gas valve proxy meters: Of the installed gas valve proxy meters, three of the eight
motor on/off meters and seven of the nine solenoid valve meters had useable data. The
main reason for failure for the motor on/off loggers is that the motor loggers are sensitive
to the meter placement and may shift over time.

•

Surface temperature: Of the temperature proxy meters, data was present for 43 of 49
meters. Six had no data at all, and another seven had less than 100 days of data.
Twelve of 20 sites had one or more meters drop offline before the end of the metering
period. The main failure modes for these meters were batteries dying throughout the
metered period despite manufacturers claiming they would last far longer, and meters
losing connection to the network.

Of the 20 sites with proxy data loggers installed, 15 had useable proxy data that could be used
in the subsequent analysis. Four sites were missing data for one end use proxy (the proxy
disaggregation method required proxies on all major end uses), and one site had only a single
end use (boiler with indirect water heater instead of separate boiler and water heater units), so
there was no disaggregation to perform.
The Guidehouse team employed two different disaggregation methods in the analysis: a high
rigor method using the proxy meter data and a lower rigor method using only the whole home
gas data. The team used the results from the proxy disaggregation to develop adjustment
factors to true up the whole home disaggregation results for the broader sample. This enabled
the team to improve the statistical precision on the final results by gathering a larger sample of
sites with only whole home gas data and adjusting the results from those sites with a smaller
sample of high rigor proxy metered sites.
In the proxy disaggregation, the team first processed the proxy metered data to identify the time
periods when each piece of equipment was running. The operation flags were then used to
identify which equipment was in use during each interval of whole home gas consumption.
When multiple end uses operated during a given gas whole home consumption interval, the gas
consumption was split based on the runtime and the gas input rate of the equipment in use.
First, the average input rate for each unit was determined from the whole home gas data for
periods when only a single unit was running. The input rates were then multiplied by the runtime
to derive estimated unit consumption during each interval, and the whole home gas
consumption for the interval was assigned proportionally based on the unit-level consumptions.
Figure A-4 shows an example of whole home gas data collection at an example site, the on/off
values the team determined for each end use based on the unit-level electric consumption from
the electric proxy meters, and the surface temperature reads from the space temperature
loggers.
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Figure A-4. Example Whole Home Gas End Use Disaggregation Using Electric and
Surface Temperature Proxy Data

Source: Guidehouse analysis

Unfortunately, the Guidehouse team was unable to accurately collect proxy usage data for gas
cooking equipment (although future study phases are piloting methods to collect air temperature
readings above the cooking surface). 46 However, the team leveraged the electric cooking load
shape from this study and developed an approximate gas load shape by converting electric
energy consumption to gas energy consumption using average efficiencies of electric (74%) and
gas (40%) cooking equipment 47 and the conversion of kBtu/h per kW (3.412). The team then
scaled down the proxy-disaggregated consumption values for non-cooking end uses by
subtracting the assumed cooking consumption values. First, the cooking load shape for each
day was adjusted so that all consumption fell during hours where there was whole home gas
consumption and then the cooking load was subtracted from the whole home total. All
disaggregated end use loads were then adjusted by multiplying the ratio of the whole home load
without cooking to the total whole home load.
The team was unable to install proxy loggers on fireplaces for most sites because the fireplaces
were built into the wall and did not have an accessible exhaust duct. 48 In this case, the team
again scaled down the consumption values from the other end uses using an approximate
fireplace consumption value derived from the one site that did have a fireplace proxy and other
46 The gas cooking end use consumes a relatively small amount of total gas energy (less than 5% of annual
consumption and less than 1% of winter peak day consumption). Due to the intermittent usage of gas cooking and
the relatively small gas consumption, it would be difficult to disaggregate gas cooking from total home gas
consumption.
47 The team sources electric and gas cooking efficiency values from this paper:
https://www.aceee.org/files/proceedings/2014/data/papers/9-702.pdf.
48 Guidehouse is piloting methods to collect proxy data in future phases of the study, including placing air temperature
loggers in close proximity to the fireplace. The ducts may also be accessible in the attic or on the roof, which pose
their own challenges for onsite installations.
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secondary sources. The method for adjusting for fireplace consumption was the same as the
method described above for the cooking adjustments but applied only to sites with fireplaces
present. This is not an ideal method; however, fireplace consumption is expected to be small
relative to the total (1% for the one site with a proxy).
For the 71 homes in the study sample with whole home gas loggers, the team used an
engineering method to derive an estimate of the average load shape for each end use and time
period of interest. First, an approximate gas load shape was created for clothes dryers and
cooking equipment using the metered electric dryer and cooking consumption from the broader
study. Next, the team determined the summer water heating load shape by subtracting the dryer
and cooking loads from the summer whole home data (when the heating equipment was not in
use). The water heating load shape was then scaled to other months using differences in the
water mains temperatures sourced from Building America Benchmark data. 49 Finally, the team
calculated the heating load by subtracting water heater, dryer, and cooking loads from the whole
home gas consumption.
The Guidehouse team then developed adjustment factors using results from the separate
disaggregation analyses (with and without proxy meters). A simple linear model was fit for each
end use and time period to predict the proxy value based on the non-proxy value. The models
were used to apply adjustment factors to the results from the sites that did not have proxy
meters, multiplying the predicted value by the modeled slope and adding the intercept term to
calculate the adjusted value. An example of the adjustment factor linear models is shown in
Figure A-5 for the winter peak day period for all sites with boilers with the data points
representing individual site consumption values, the blue line representing the modeled
adjustment, and the black line representing the case where the actual consumption equals the
predicted consumption. A good model fit is indicated by the points clustering close to the blue
line, and the degree of adjustment applied is indicated by how far the blue line deviates from the
black line.
Figure A-5. Example Disaggregation Adjustment Factor Plot

Source: Guidehouse analysis

Domestic hot water event schedules sourced from the DOE Building America Benchmark Analysis:
https://www.energy.gov/eere/buildings/building-america-analysis-spreadsheets
49
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Figure A-6 shows the average disaggregation adjustment factors for all end uses for the full
sample of homes. The disaggregation adjustment worked well for heating end uses (boilers and
furnaces), worked relatively well for water heaters, and poorly for clothes dryers. This is likely
because heating accounts for the vast majority of the gas load, so the whole home gas load was
fairly similar to the heating load in the prior to disaggregation. The water heating loads were
derived using actual data from the summer, adjusted for other times of the year based on water
mains temperatures, so they were expected to be reasonably accurate as long as customer
water heating usage patterns did not change too much throughout the year. The water heating
adjustment was less accurate on the peak day due to the challenges of accurately predicting a
single day when the ductless hot water disaggregation was based on average usage. The dryer
values were expected to be the least accurate because they were based on assumed electric
dryer load shapes to begin with and the timing of dryer usage is highly irregular even within a
single site.
Figure A-6. Disaggregation Adjustment Factors by End Use and Time Period

Source: Guidehouse analysis

Guidehouse used a regression-based approach to produce weather-normalized consumption
values from the metered end use consumption. First, each site was matched to hourly weather
data from the nearest weather station and predictor variables related to time (hour of day,
month, weekday/weekend) and weather (heating degree hours [HDH], rolling average HDH,
normalized heat buildup) were derived. The team then ran preliminary piecewise linear models
to determine site-specific base temperatures for the HDH calculations.
Next, the team fit models for each site and end use. The data was split 75%/25% into training
and test sets by day, stratifying by month and peak days. A variety of model types (linear model,
elastic net, random forest, extreme gradient boosting machine, support vector machine) were fit
to the training set for each site and end use, using 5-fold cross validation to prevent overfitting.
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Models were evaluated using a blended error metric: 50% normalized root mean squared error
overall, 50% normalized root mean squared error on peak days.
Finally, the team evaluated model performance on the test set and chose the best model type
and specification for each site and end use. Final models were then fit on the entire dataset for
each site and end use. The team then used these models to predict and normalize consumption
using data from the past 15 weather years (2005-2019). For each time period of interest
(months, peak days), the team determined the typical consumption by using the weather year
that corresponded to the median consumption summed across all end uses.

A.4.5 Space Temperature Data Analysis
The Guidehouse team performed the space temperature analysis using 1-minute interval data
from temperature loggers installed at customer sites. First, the raw 1-minute meter data was
aggregated to the hourly level and filtered to remove data that did not pass the quality control
inspection.
At many sites, multiple temperature meters were installed. The team filtered the meter data
used in this analysis to those meters that were established as serving primary zones, which
were defined as meters that did not differ from the average site temperature by more than 3°F.
Data was limited to the primary zones to give a representative value for thermostat setpoint in
the occupied areas of the home, excluding spaces such as basements that may not be
consistently heated to a comfortable temperature.
The team then aggregated the meter-level data to the site level and then calculated averages by
time period, hour, and day type (weekday vs. weekend/holiday). These summaries were
calculated across all sites and by thermostat type and heating or cooling system type. Other
than the summaries by cooling type, all summer temperature summaries only included sites with
central AC or ductless AC to represent typical cooling setpoints as closely as possible. Sites
with room AC were removed because it appeared that in many cases the system was not
meeting the load, so the temperature likely did not represent the desired setpoint.
The team also collected customer-reported thermostat setpoints from the survey in 2-hour
blocks for summer and winter. Both the average logged space temperature and setpoint values
in this report were calculated using a trimmed mean, which removed the top and bottom 15% of
values before calculating the mean. The primary reason for doing so is to account for customers
that indicated that their system was “off” for a given hour. These values could not be included
with a straight mean but could be included in a trimmed mean by setting them to the highest
(cooling) or lowest (heating) setpoints, and then setting the trim threshold such that all “off”
points (and a corresponding number of points at the other end of the range) were removed
before calculating the mean.
The team applied the same demographic weightings to the setpoint data as were applied for the
overall survey data analysis.

A.4.6 Delivered Fuels Data Analysis
During Phase 3 and Phase 4 of the Residential Building Use and Equipment Characterization
Study, the Guidehouse team collected delivered fuel data from participants. The team asked all
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onsite study participants to provide data for their delivered fuels; 97 sites reported they used a
delivered fuel other than natural gas or electricity for heating. 50 The team collected the dates of
delivery, type(s) of fuel delivered, and amount of fuel delivered. Although the team collected
data on multiple fuel types, only fuel oil was considered in this analysis because of the limited
data collected on wood and propane deliveries.
The team collected participant-delivered fuel data from participant bills during the Phase 3
(2018) and Phase 4 (2019-2020) onsite visits. Customers were offered a $20 incentive for
providing their delivery data from January 2017 and after. Study participants were also informed
that they would receive a $20 incentive each time they proactively reached out and reported a
fuel delivery that took place after the initial site visit. As of this report’s writing, the team has
collected 473 data entries from 68 sites in Phase 3 of the analysis and 172 data entries from 58
sites in Phase 4.
The team used a two-step screening process to determine whether a site’s dataset was
complete and not missing deliveries. First, the team looked through field technician interview
notes from the site visits to determine if the participant mentioned an unusual delivery pattern.
Second, the team plotted each site’s delivery amounts over time and visually inspected the data
for consistency, determining which calendar years (if any) had complete data. Filtering out sites
without at least a single year of data brought the total number of sites available for analysis
down to 55.
After removing data for all incomplete years, the team aggregated the data for each site by
calendar year, then weather-normalized the annual totals. First, weather data for the past 15
years was collected for Worcester, Massachusetts, and heating degree days base 65 were
calculated for the heating season of each year (October-April). The team calculated weather
normalization adjustments as the ratio of the median heating degree days over the past 15
years to the heating degree days in a given year, calculating annual normalized consumption for
each site by multiplying by these adjustments. Lastly, the team averaged consumption by site
across all years with complete data and then across all sites to determine the final weathernormalized annual fuel oil consumption value reported in Section 3.6.
There is some uncertainty inherent in this analysis due to the likelihood that participants do not
consistently consume all their fuel by the end of a season (i.e., not all the fuel in an end of
season delivery was used during that season). A study participant could fill up their tank at the
end of the season with no plans to use that fuel until the next heating season. The opposite
scenario is also possible, with a site leaving a tank empty until the following heating season and
filling it back up right before the start of the heating season. The team assumed that, on
average, these two possibilities will offset each other.

A.4.7 COVID-19 Pandemic Impacts to Usage Analysis
To analyze the impact of the COVID-19 pandemic on energy consumption, the Guidehouse
team updated the weather normalization analysis of the metered electric and gas data to predict
the difference in consumption prior to and during the pandemic. Data from April 2019-March
2020 was used for the pre-COVID-19 period, and April 2020-March 2021 was used as the
during COVID-19 period. The analysis was limited to sites that had data present for at least 50%
50

Delivered fuels included fuel oil, propane, wood, and wood pellets.
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of the total hours in both the pre-COVID-19 and during COVID-19 periods to ensure that any
differences found were due to changes in consumption rather than site-to-site variability.
Separate models were fit to the pre-COVID-19 and during COVID-19 data for each end use,
following the same methodology as was used to create the electric and gas weather-normalized
load shapes. The models were used to predict consumption for the past 15 years of weather
data (2006-2020), and the weather year with the median consumption for each time period was
chosen for each model to represent the typical year consumption, again following the same
methodology as was used for the electric and gas load shapes.

A.4.8 Preliminary EV Consumption Analysis
In Phase 5 of the study, the Guidehouse team performed a preliminary analysis of EV
consumption based on data from RER, which derives 30-minute interval charging power
estimates based on data from vehicles’ onboard computers. The change in battery charge level
combined with the battery size is used to infer the power draw when the vehicle is charging. In
Phase 6, the team will have charging data from onsite meters for four RER participants, which
will be used to validate the RER data.
First, the team performed several data cleaning steps on the RER data. Distinct charging events
were identified based on the charging status in the data. Some charge events included 0 kW
intervals, either in the middle of the charging period or at the start or end. The points in the
middle were due to the data granularity: the battery level (used to derive power values) only
increments in whole percentage values, so if a vehicle was charging but the battery level did not
change, it appeared as 0 kW in the data. To account for this, the team smoothed the energy
consumption by applying the average power across all points in each charge period except for
the first and last points. The data points with 0 kW at the start and end of the charge period
were assumed to be errors in the data and were excluded.
The data included some data points that covered intervals of greater than 30 minutes, which
were due, in most cases, to the car’s computer going to sleep. Most of these points were not
during charge events, but some of them were a combined data point that included the end of a
charge period and a subsequent sleep period. After discussing with RER, the Guidehouse team
decided that the most accurate way to treat these points was to split them into the period of
charging and the period of sleep, otherwise it appeared that the charge events that included
these points were much longer, and the power draw would be incorrectly assigned to hours after
the charging was complete. These points were split into the charging interval and the sleep
interval using the average charging power draw by vehicle. This method will be validated and
potentially refined once the onsite metered data is available in Phase 6.
Next, all charging events for each vehicle were categorized as occurring at home or away from
home. The latitude and longitude values in the RER data were compared with the values for the
site’s address; any charge event within 250 meters of the home coordinates was considered to
be home. For sites where no charge events met this criterion, the most frequently used location
was assumed to be the home location.
After cleaning the data, the team split each data point proportionally into the different hours that
it covered and then summarized the data by hour for each vehicle. The data was then
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summarized across all vehicles by time period, day type (weekday vs. weekend/holiday), and
hour of day.
The team also summarized the data by charge event, first calculating variables of interest for
each charge event, then taking the average across charge events for each vehicle. Each vehicle
was categorized based on the customer’s charging behavior across two dimensions. The first
was whether the vehicle appeared to follow a charging schedule, which was defined as cases in
which more than 50% of charging events started in the same hour of day. The second was
whether the vehicle was typically topped up each day or only occasionally filled up, defined by
the whether the median time between charges was less than 36 hours.
Lastly, the data was grouped by vehicle capacity into high capacity (>175 miles range), low
capacity (<175 miles range), and PHEVs. The Phase 5 sample included 21 high capacity
vehicles, three low capacity vehicles, and two PHEVs, which is not representative of the
population of EVs. Because of this, average results were only presented for high capacity
vehicles, which had sufficient sample size. In Phase 6, the sample of low capacity vehicles and
PHEVs will be increased to produce results that represent all EVs.
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Appendix B. Supporting Data
The supporting data for all end use load shapes is included in the attached spreadsheets. The
statistics for each value are also included within the spreadsheets.
Table B-1. Appendix B Supporting Documents File Names and Contents
File Name

File Type

Contents

Appendix B-1 Saturation and Characterization
Results Plots

PDF

Detailed plots of saturation and quantity of all
end uses by end use and demographic;
existing and new unit efficiencies and other
characteristics

Appendix B-2 MA Statewide Saturation Results

Excel

Proportion of homes with end use and
average quantity per home by demographic

Appendix B-3 MA Statewide Characterization
Results

Excel

Distribution of age, efficiency, and capacity by
end use and demographic

Appendix B-4 Electric Energy and Peak Demand
Results Plots

PDF

Detailed plots of annual consumption,
summer/winter peak demand, and load
shapes by end use and demographic

Appendix B-5 Electric Energy and Peak Demand
Results

Excel

Total annual and monthly electric
consumption and peak electric demand for
each end use and time period with statistics

Appendix B-6-1 HVAC Electric Load Shape
Results

Excel

Appendix B-6-2 Water Heating Electric Load
Shape Results

Excel

Appendix B-6-3 Kitchen Electric Load Shape
Results

Excel

Appendix B-6-4 Laundry Electric Load Shape
Results

Excel

Appendix B-6-5 Miscellaneous Electric Load
Shape Results

Excel

Appendix B-6-6 Lighting and Other Electric Load
Shape Results

Excel

Appendix B-7 Gas Energy and Peak Demand
Results

Excel

Total annual and monthly gas consumption
and peak gas demand for each end use and
time period with statistics

Appendix B-8 All End Use Gas Load Shape
Results

Excel

Hourly gas load shapes by end use, time
period, and day type with statistics

Appendix B-9 Space Temperature and
Thermostat Setpoint Results Plots

PDF

Detailed plots of saturation of thermostat
types, reported thermostat setpoints and
metered space temperatures by demographic

Appendix B-10 Space Temperature Results

Excel

Hourly metered space temperatures by
demographic, time period and day type

Hourly electric load shapes by end use,
demographic, time period, and day type with
statistics

Source: Guidehouse
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