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Abstract

Both the Sponsors of Mass Save® and the Sponsors of Energize Connecticuts™ (Energize CT)
initiatives have continued efforts to encourage homeowners to meet more or all of their home
heating needs with heat pumps. Some of these efforts are structured to support customers that
have pre-existing fossil fuel-intensive heating fuels, such as furnaces or boilers that heat with
natural gas, fuel oil, or propane as well as electric resistance heating. The Sponsors of Mass
Save and the Sponsors of Energize CT have introduced fuel displacement rebates/incentives to
encourage the adoption of heat pumps for customers with these pre-existing heating types.
These initiatives are aligned with Massachusetts and Connecticut statewide goals for home
heating electrification and greenhouse gas emissions reductions.

The Massachusetts Program Administrators (PAs) and the Connecticut Evaluation Administrator
(EA) team commissioned this Heat Pump Metering Study to learn about current usage patterns
for heat pumps and other heating equipment, electric peak demands for heat pumps, the
performance and efficiency of heat pumps, and the ability of heat pumps to meet customerséfull
heating needs down to low outdoor air conditions. The study also assessed customersooverall
experience with heat pumps and feedback on their use. Finally, the study quantified the impacts
or savings associated with heat pump installation to update in the Massachusetts Technical
Reference Manual (TRM) and the Connecticut Program Savings Document (PSD). Within the
report, the team offers multiple scenarios of impact results based on anticipated program
changes.

The study conducted research through several modes to address the research questions. For
the first mode, heat pump usage data was collected at a total of 185 customer homes across
Massachusetts and Connecticut and included metering of central heat pumps (CHPSs), mini-split
heat pumps (MSHPs), and ground source heat pumps (GSHPs), for both full displacement (FD)
and partial displacement (PD) applications®. Additional metering to inform performance and
efficiency calculations was conducted at a subset of 106 sites. The second mode of data
collection included multiple customer surveys (1,456 total survey respondents) and a customer
interview effort (13 responses).

The study found that heat pump installations in 2021 and 2022 for FD displaced a large majority
of the pre-existing heating delivered by electric resistance and fossil fuel-fired heating sources
(approximately 86% for CHPs and 92% for MSHPs) and more than half of the heating load for
PD installations. The majority of customers were satisfied with their heat pump and the ability of
their heat pump to keep them comfortabled although a small percentage of study participants
reported comfort issues with their heat pumps, concerns about heating costs with heat pumps,
and installation or maintenance issues.

1 See Section 2.3 for sample sizes included in the metering portion of this study.
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The study provided the following considerations:

9 Establish and enhance program requirements to more clearly identify criteria for FD and
PD installations.

1 Give additional guidance to installers on switchover temperatures and heat pump sizing.

1 Consider adjustments to program requirements for integrated controls, especially for
MSHPs.

1 Provide customers with additional education on how installing a heat pump will impact
their electricity bill and overall heating costs.

1 Conduct a heat pump technical assessment periodically (e.g., every couple of years) to
inform program requirements.

1 Update deemed savings estimates and parameters in the Massachusetts TRM and the
Connecticut PSD.
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Executive Summary

Study Goals and Background

This report, developed for the Massachusetts Program Administrators (PAs) and the
Connecticut Evaluation Administrator (EA) team, summarizes the usage, peak demand, and
performance of heat pumps rebated through the heat pump fuel displacement program
offerings, and the measure impacts resulting from heat pump installation to either fully or
partially displace pre-existing fuel-fired or electric resistance heating equipment. It also
assesses customer experience with the installed heat pumps and the ability of the heat pumps
to keep customers comfortable. This evaluation was performed by Guidehouse, with field data
collection conducted by Ridgeline Energy Analytics.

The primary goals of this study were to:

1 Perform field monitoring to assess the actual heating and cooling performance and
usage of the latest generation of residential heat pumps being supported by the
programs.

T Understand the heating | oads met by the heat
and auxiliary heating systems. For the purposes of this study, auxiliary heat is defined as
an integrated electric resistance heating in the heat pump system. The auxiliary heat
operates when compressor can no longer deliver heat. It is typically found in the air
handlers of central and ground source heat pump installations. Backup refers to
separate conditioning systems independent from the heat pump (boiler, furnace, wood
stove, baseboard heating, space heater, window AC unit).

1 Understand customer experience with their heat pumps, including overall satisfaction
with heat pumps and their ability to meet the heating needs of the home at low
temperatures, cost considerations, and any maintenance issues.

1 Quantify the gross measure impacts for heat pump installation and inform savings
parameter estimates for the Massachusetts Technical Reference Manual and the
Connecticut Program Savings document. Quantify impacts for Full Displacement (FD)
and Partial Displacement (PD) installations.

This version of the report was published in August, 2024. These study results include all
metered data collection from November 1, 2022, through May 15, 2024.

Page 1
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Study Methodology

The study included two primary modes of data collection. For the first mode, heat pump usage
and performance data were collected at a total of 185 customer homes across Massachusetts
and Connecticut and included metering of central heat pumps (CHPs), mini-split heat pumps
(MSHPs), and ground source heat pumps (GSHPs), for both full and partial displacement
applications?. Wave 1 installations at 50 sites occurred in fall 2022 (Massachusetts), and the
remaining installations at 135 sites occurred in spring and early summer 2023 (Massachusetts
and Connecticut). The metered period extended through spring 2024. All sites included heat
pump and auxiliary/backup system electric usage data collection, and a subset of 106 sites
included additional data collection to calculate the in-situ performance and efficiency of the
installed heat pump(s).®

The second mode of data collection included multiple customer surveys and a customer
interview effort. The primary survey was fielded to 6,760 heat pump program participants
(1,456) total survey respondents). A fast feedback interview effort in February 2023 yielded 13
responses, and an end-of-season survey yielded 136 responses during February 2024,
collected from the onsite metered sample.

Key Findings

Below are key findings that emerged from the various activities, aligned withthes t udy & s
research topics and questions.

Heat Pump Usage and Peak Demand

The heat pump programs offer rebates to customers to either fully displace (FD) or partially
displace (PD) their pre-existing heating systems, though structured differently in Massachusetts
versus Connecticut. At the time of installation for the sites participating in study (2021/2022
participants), Massachusetts offered two different pathways of incentives for customers based
on their displacement level. Customers opting for FD were not required to remove their pre-
existing equipment if the equipment was disconnected and/or only used in emergencies.
However, in Connecticut, the rebates were offered through a singular pathway regardless of the
level of displacement. Rebates were offered on a per ton basis and customers were required to
install an integrated control if their pre-existing system was not removed and it became a
backup system. The study sought to understand the prevalence and use of backup and auxiliary
heating systems in customer homes that were categorized as either FD or PD, along with the
fractionoftheh ome 6s heati ng | oad ptahdadxiliawaheatingsystentsy bac ku

2 See Section 2.3 for detailed sample sizes included in the metering portion of this study.

3 The participants in this study had their heat pumps installed in 2021 or 2022 (majority of installations were in 2022).
During this time period, the Mass Save and Energize CT heat pump full displacement offerings did not fully require
the participant to remove or disconnect backup heating sources, rather, the systems were allowed to stay in as
emergency backup heat. This report provides measure impact results for two scenarios i 1) scenario using the full
metered sample from the 2021 and 2022 installations, and 2) scenario that summarizes usage and measure impacts
for Full Displacement sites that removed or disconnected their backup heating system(s).

4 Backup heating systems include boilers or furnaces (oil, propane, natural gas fuels), wood or pellet stoves, or
electric baseboard heaters. Integrated auxiliary electric heating coils are often installed in the air handling unit for
ducted HVAC distribution systems to serve as emergency heat.

5 Auxiliary heating is defined as integrated electric resistance heating in the heat pump system. It operates when
compressor can no longer deliver heat. Auxiliary heating is typically found in the air handlers of central and ground
source heat pump installations.
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Table ES-1 summarizes the proportion of the heating load met by system type across the entire
heating season. For the FD sites, the heating load proportion met by the heat pump ranged from
86%-99% based on heat pump type, while for PD sites it ranged from 67%-79%.

Table ES-1. Proportion of Heating Season Load Met by System Type

Proportion of

Proportion of Heating Load Met i

Heating Load Met

Proportion of Heating
Load Met i Backup

Displacement

Heat Pump Type

Type T Heat Pump Auxiliary Electric Heating Systems
Heat
Central HP FD 86% 4% 9%
Central HP PD 67% 1% 32%
Mini-Split HP FD 92% 0% 8%
Mini-Split HP PD 79% 0% 21%
Ground Source HP FD 99% 0% 1%

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis

Full Displacement Usage

1 In Massachusetts, the heat pump programs intend for installations of heat pumps as FD
to fully replace the h o me 6 sxisting fossil-fuel heating systems. The disconnection or
removal of the backup fossil-fuel heating systems was not a strict program requirement
in 2021 and 2022 (program years that served as a source for survey responses and
onsite data collection in this study). However, the requirement now exists for the
programs offered by the sponsors of Mass Save in 2024. As noted above, the heat
pump program offered by the sponsors of Energize CT does not have a specific offer
based on displacement amount, but it does require the installation of an integrated
control if a backup heating system remains installed and connected. The programs do
not have any restrictions on the use of auxiliary electric resistance heating or backup
heating using wood or pellets.

1 Heat pumps met a large majority of the heating load in FD applications despite the
prevalence of backup and auxiliary heating sources.® Based on analysis of metered
data, this study found that across all FD sites (about 86% of heating load is met by the
heat pump in FD installations for CHP, 92% for MSHP, and 99% for GSHP). Backup
heat met 1-9% across the heat pump types. Remaining load is met by auxiliary electric
heati 4% for CHP FD, and 1% for MSHP FD.

6 To determine the proportion of the heating load met by the heat pumps and backup heating systems, the modeled
heating performance data was used to develop models of the home heating load. There may have been other un-
metered heating sources installed at homes, outside of backup heating systems or auxiliary heating, or a drop in
home temperatures that was not accounted for in the load calculations. See Section 2.5.8 for additional details.
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While the heat pumps met most of the load in FD installations, the majority of homes,
with the exception of those with ground source heat pumps, needed auxiliary or backup
heat during the coldest periods. Of the 50% of customers with backup heat, about 60%
of them report using systems to heat during the milder winter periods, and 75% during
the coldest periods. Customers report using backup heat for many reasons. Some
customers report that they prefer to use wood heat to meet portions of the heating load.
Some customers have concerns with electric costs with heating with their heat pumps.
Some customers in the study expressed concern that their heat pump was unable to
keep them comfortable down to low outdoor air temperatures (a few reporting that they
wish they had installed heat pumps better designed for cold temperatures). One
customer specifically reported re-connecting their backup heating system.’

Partial Displacement Usage

T

In PD applications, the programs intend for the heat pump to serve the majority of the
heating load of the home, with the backup heating systems meeting load at lower
outdoor air temperatures when the heat pump systems are less efficient, or for when
heating with backup heating systems and fuels is cheaper than operating the heat
pump.®

From survey responses, about 80% percent of customers with PD installations cite that
they have additional heating sources in their home, and for those with backup heat,
about 80% report using the backup heating systems over the winter period. Some PD
customers indicate backup heat usage in parts of the home that their heat pump(s) do
not serve.

For PD installations, analysis of metered data suggests that the heat pump meets about
67% of the homes heating load over the winter for sites with CHPs, and 79% with
MSHPs, while backup heating systems meet the remaining load. This could be due to
differing use of integrated controls and switchover temperatures across these system

types.

According to survey responses, PD customers were motivated to use backup heat
because they were concerned about the costs of heating with their heat pump, their
integrated controller was set to automatically switch over, or their backup heat serves
parts of their home that their heat pump does not.

The study found a wide variability in heat pump usage between sites, even when
normalizing usage per ton of installed heat pump cooling capacity.® The study found that
about 10% of PD installations rarely used their heat pumps for heating (less than ~100
kWh per ton of installed capacity).

7 For additional information on customer experience, see Section 5.

8 In Massachusetts, PD sites include customers who either fully displaced part of their home (i.e., one zone) or partial
displacement of their full home.

9 Mass Save and Energize CT provide incentives and also track program participation on the basis of installed rated
cooling capacity.
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1 For PD installations, most customers indicate that an IC was installed by their contractor,
however, most also report not knowing their IC switchover temperature. After two to
three heating seasons of operation, about half of all customers with PD installations
report still using their IC to auto-switch system operation, and review of onsite metered
data showed about 70% of PD sites with CHPs and 20% of PD sites with MSHPs had a
consistent switchover temperature throughout the metered period. Switchover
temperatures ranged between 151 40°F (average 25°F) for those with oil backup heat,
and 207 40°F (average 30°F) for those with natural gas backup heat for those that used
them. Customers that do not use a switchover report manual operation of their systems
or using the droop method on their thermostats.®

Use of Auxiliary Heating

1 About 35% of CHP installations and 86% of GSHP installations had auxiliary heating
installed. About 78% of CHP installations with auxiliary heat installed used their auxiliary
heat over the metered period, while only 1 out of 19 GSHP sites with auxiliary heat
installed used their auxiliary heat.

Peak Demand

1 Average peak demand was significantly higher for CHP FD sites relative to MSHP or
GSHP due to the additional usage of integrated auxiliary electric heat for CHP
installations. Typical year maximum (non-coincident) peak demand was 1.8 kW/ton for
CHP FD, 1.3 kW/ton for MSHP FD, and 1.0 kW/ton for GSHP FD.

1 Peak demand of auxiliary electric heat in CHPs is also higher on the coldest days. For
CHP FD sites that removed or disconnected pre-existing heating sources, metered peak
demand on the coldest day of 2023 (February 4", with outdoor air temperatures down to
-10°F) was 8 kW, roughly 3 times as high as the peak demand for the same sites on the
coldest day during 2024 (January 20", with outdoor air temperatures down to 12°F).

Overall Heat Pump Performance

The study also sought to understand the in-situ efficiency of heat pumps, including efficiency of
heat pumps across outdoor air temperatures.

Average Compressor-On COPs

1 While the heat pumps are in heating mode during compressor-on operation,*! the
average heating COPs for FD CHPs ranged from 2.0 to 3.5 across the outdoor air
temperature range, and the cooling COPs ranged from 4.0 to 5.1. FD MSHP COPs
ranged from 2.0 to 3.0 and the cooling COPs ranged from 5.1 to 6.1 across the outdoor
air temperature range. Average COPs for GSHP equipment were 3.0 during the heating
season, and 4.0 during the cooling season. Figure ES-1 shows the average COPs as a

10 Droop control utilizes different temperature setpoints on two or more thermostats. Typically, the thermostat
controlling the heat pump(s) is set to a higher temperature (e.g., 67°F) than the thermostat controlling the backup
heating system (e.g., 62°F). The backup heating system will turn on if the indoor air temperature drops down to 62oF
in this example.

11 Compressor-on operation does not include periods of time where the unit is in defrost mode, when the unit is
operating in fan-only mode, o r t h e Seasandl efficisncigs fof GHBs. and MSHPs include all of these
operating modes, which has a negative impact on the efficiency value. GSHPs do not need a defrost mode, so their
seasonal efficiencies are impacted less.
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function of outdoor air temperature for periods in which the unit was operating in heating
or cooling modes. COPs varied as a function of outdoor air temperature for CHP and
MSHP equipment; GSHPs as expected had a consistent COP across the heating
season because the temperature of the groundwater is more stable across the season,
and also likely due to the fact that GSHP equipment do not require defrost cycles.

9 For sites with heat pumps operating in compressor-on mode below 5°F, average central
and mini-split heat pump system level COP varied between 1.6 and 2.3, with an average
around 2.0.12

Figure ES-1. Heat Pump COP vs. Outdoor Air Temperature
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Note: This plot shows compressor-on operation from the metering period and is not weather normalized. Auxiliary
heat is not included in this figure.

Source: Evaluation team analysis

12 Twenty sites, 15 MSHP and 5 CHP, had meters transmitting data during the two-day cold spell in February 2023.
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Seasonal Performance Metrics

1 The study also sought to understand the seasonal efficiency of heat pump systems
across all heat pump modes, and accounting for the total energy produced (delivered by
the systems) and consumed by the heat pumps over the season.

9 For CHPs, the in-site HSPF was generally lower than the manufacturer rated HSPF, but
equal to or higher than the HSPF2. For MSHPs, the in-site HSPF was lower than both
rated HSPF and HSPF2 ratings. GSHP in-site HSPF was higher than both CHP and
MSHP equipment, however, SEER was lower. Across heat pump types and
displacement designations, the modeled seasonal energy efficiency ratio (SEER) in
cooling season was lower than both the SEER and SEER2 rated values. For additional
details see Section 3.5.

Customer Experience with Heat Pumps

The study also sought to understand customer experience with their heat pumps. Overall, 95%
of surveyed customers said they would install a heat pump again if they were to go back in time.

Cost of Operation

1 Most customers were satisfied with the cost of operating their heat pump, although 29%
of respondents claimed that higher energy costs impacted how they ran their heat
pumps. Among respondents who changed their heat pump operation based on cost, one
third used their backup systems more, either manually or by increasing the switchover
temperature on their integrated controller. Two thirds lowered their thermostat setpoints
or only heated certain rooms. One respondent avoided using their heat pump entirely in
favor of their prior heating system.*®

1 Most customers indicate that heating costs were about what they expected, although
about 30% of FD installations and 50% of PD installations indicate that costs were
higher than they expected.#1516

13 1t is evident from many responses that customers do not always distinguish heat-pump use from auxiliary
resistance heating, and sometimes lump the two together in their assessments of heat pump performance and costs.
14 The survey used to inform this finding (Winter 2024 End of Season Survey) was fielded in February 2024. Metering
wasconducted at all r espon2023m024 énd & a sulesst of thamesi frany Winér 2022e2023.
See Section 2.3 for additional details on the End of Season Survey methodology.

15 Average Massachusetts residential electric rates rose from $0.27/kWh in Winter 2021-2022 to $0.43/kWh in Winter
2022-2023, then dropped to an estimated $0.33/kWh in Winter 2023-2 0 2 Massathusetts Household Heating
Costsq Massachusetts Department of Energy Resources, https://www.mass.gov/info-details/massachusetts-
household-heating-costs

16 Average Connecticut residential electric rates rose from $0.24/kWh - $0.25/kWh in Winter 2021-2022 to $0.32/kWh
- $0.34/kWh in Winter 2022-2023, then dropped to $0.28/kWh - $0.33/kWh in Winter 2023-2024. 0Energy Price and
Supply Informationo https://portal.ct.gov/deep/energy/energy-price-and-supply-information
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Maintenance Issues

1 Most customers report that they did not experience maintenance issues with their heat
pump. Of the 9% of CHP and 19% of MSHP*’ customers that indicated a maintenance
issue, the reported issues generally fall under these categories:

0 Condensate issues (3%) i This includes condensate build up around the inside
of the unit, heavy condensate dripping, overflowing condensate due to poorly
installed drains, and poor installation of condensate piping.

o Circuit board issues (2%) i This includes circuit board issues which caused the
unit to not operate. Some examples include an electricity outage which damaged
the control panel, and a circuit board which shorted with no known reason,
though the customer thinks it might have been a rodent issue. Customers cited
long wait times to get replacement parts.

0 Refrigerant leaks (2%) 1 This occurred more frequently with MSHP units
compared to CHPs. A majority of customers reported that they only needed to
repair it one time, and that the contractor did it at no charge.

o Other reported issues include: the inside heat pump vanes staying closed, the
heat pump going offline during a blizzard, loud sounds when the outside
temperature reached freezing, thermostat or control issues, high humidity in the
home, and issues with auxiliary heating operating too frequently or not at all.

Cold Period Performance

9 During the Winter 2023-2024 period, about 90% of surveyed FD customers responded
Afsatisfiedod with their heat pumpds ability to
colder periods, this dropped to about 70-80% of customers.!®

Heat Pump Impacts

Table ES-2 provides the overall annual measure impacts per ton of installed heat pump cooling
capacity, including both electric impacts (kwh), and fuel impacts (MMBtu). These impacts are
broken out by heat pump type and displacement type, along with the pre-existing heating fuel
type. The table includes a comparison of the ex ante and ex post measure impacts for the heat
pump types, displacement types, and pre-existing fuel types evaluated in both studies. The
table includes the ex ante measure impacts for the 2021 and 2024 program years; the prior
study assumed lower average switchover temperatures for partial displacement projects with
pre-existing oil and propane heating fuels in the 2022 through 2024 program years, which
results in a higher portion of the heating load met by the heat pump, and higher overall MMBtu
measure impacts.

17 Only 1 of 20 GSHP respondents indicated maintenance issues.

18 As previously noted, customers do not always distinguish heat-pump use from auxiliary resistance heating, and
sometimes lump the two together in their assessments of heat pump performance and overall satisfaction.
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The table also includes ex post measure impacts for two different measure impacts scenarios
evaluated in this study. The first scenario includes weights for all baseline heating types and
also includes all metered sample in the Full Displacement category, based on the program data
designations of displacement type. The alternative scenario removes heat pumps from the
baseline weights, and only includes post-retrofit usage for Full Displacement installations that
were verified as having removed or disconnected the backup heating systems.%%°

Section 6 provides the full writeup of measure impacts results and includes a summary of the

average installed tonnage per site. Site with GSHPs had the highest installed tonnage
compared to other systemtypes. Ther ef or e, average measure i mpacts
for GSHP installations.

Overall, MMBtu measure impacts are lower than ex ante assumptions, however kWh impacts
are fAless negativeo for many of the equipment and
assumptions are sourced from the Massachusetts Energy Optimization Fuel Displacement
study (completed in 2021).2! Main drivers for these differences include the fact that current
study post-retrofit heat pump usage is generally lower than the prior study for FD installations.
The prior Fuel Displacement study assumed that FD heat pump installations met the full heating
loads of the home with the installed heat pumps. The current heat pump metering study
aggregated actual heat pump usage data for a sample of sites in the Full Sample scenario. The
results of this analysis showed that many of the installations categorized as FD were partially
relying on other heating systems or auxiliary heat to meet portions of the heating load of the
home. In addition, for both scenarios, the current study generally assumes higher existing and
new unit efficiencies for baseline fuel-fired heating equipment types. All else equal, higher
baseline unit efficiencies lower the baseline MMBtu heating equipment usage, lowering overall
MMBtu measure impacts. The current study also has differing usage of backup heating systems
and proportions of customers using integrated controls and switchover temperatures as
compared to the prior study for Partial Displacement installations.

19 The metered sample for this study includes heat pump installations during the 2021 and 2022 program years
(predominantly 2022 program year). Given changes in program design during subsequent program years, the ex post
impacts for the Partial Displacement case may be most comparable to the 2021 ex ante assumption, and are not
directly comparable to the switchover temperature assumptions in the 2024 ex ante assumption.

20 The alternative scenario may more closely reflect the current program design in Massachusetts, as the program

currently requires customers to remove or disconnect their backup heating systems for Full Displacement projects.

However, assumptions for baseline weights should be adjusted based on future program design considerations and

any changes to approach for gross baseline assignment assumptions. A summary of baseline weights for the

alternative scenario (no heat pump baseline), is included in Section 2.5.5.

2lGui dehouse (2021). AEnergy Optimization Fuel Di spl acement |
and Gas Program Administrators of Massachusetts. https://ma-eeac.org/wp-content/uploads/MA20R24-B-
EOEval_Fuel-Displacement-Report_2021-10-13_Final.pdf. Connecticut references the deemed measure impacts

from the 2021 MA Energy Optimization Fuel Displacement report in the current CT Program Savings Document

(PSD) for these measures.
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Displacement
Type

Central Heat
Pumpi FD

Central Heat
Pumpi PD

Mini-Split Heat
Pumpi FD

Mini-Split Heat
Pump i PD

Ground
Source Heat
Pump i FD

Source: Evaluation team analysis
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Table ES-2. Annual Heating and Cooling Energy Impacts i Ex Ante vs. Ex Post (Per Ton)

Pre-Existing

Fuel

Electric
Natural Gas
Qil
Propane
Electric
Natural Gas
Qil
Propane
Electric
Natural Gas
Qil
Propane
Electric
Natural Gas
Qil
Propane
Electric
Natural Gas
Qil
Propane

Ex Ante
kWh
Electric
Savings
(2021)

Ex Ante
kWh
Electric
Savings
(2024)

Ex Post
kwWh
Electric
SEVLEREA
Baselines,
Full Sample)

-1,223
-1,268
-1,279

-820
-847
-854
1,173
-1,156
-1,377
-1,088
1,075
-899
-1,087
-843
186
-532
-534
-535

Ex Post
kWh
Electric
Savings (No
HP
Baseline,
FD Remove/
Disconnect
-28
-1,336
-1,338
-1,328
-93
-920
-920
-915
1,103
-1,014
-1,208
-1,002
1,140
-938
-1,129
-927
152
-987
-991
-992

Ex Ante
MMBtu Fuel
Savings
(2021)

Ex Ante
MMBtu Fuel
Savings
(2024)

Ex Post

Ex Post MMBtu Fuel
MMBtu Fuel  Savings (No

Savings (All HP

Baselines, Baseline,

Full Sample FD Remove/
Disconnect)

7.8 11.5

14.0 15.8

15.3 16.8

14.3 15.4

4.9 7.3

8.8 10.0

9.7 10.6

9.0 9.7

6.6 6.1

15.7 14.1

17.4 15.5

15.8 14.9

5.6 6.0

13.4 13.9

14.7 15.3

13.4 14.6

7.1 10.1

8.2 13.7

8.8 14.7

8.3 13.9
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Table ES-3 and Table ES-4 provide heat pump savings parameter estimates to be used in
conjunction with measure savings algorithms in the Connecticut Program Savings Document
(PSD). Table ES-3 includes a definition of the parameters, and Table ES4 provides the
parameter values. Section 6.2 provides further detail on the methods used to calculate these
values.

Table ES-3. PSD Variables and Descriptions

PSD Variable Description Units

Fadiq.c In-situ cooling efficiency adjustment factor of installed unit N/A

Fadi,q.h In-situ heating efficiency adjustment factor of installed unit N/A
PD Factor to account for the portion of heating load met by the heat

Fload N/A
pump

EFLH. Equwalgnt Full Load Hours of operation for the average unit during Hours
the cooling season

EFLH: Equivalent Full Load Hours of operation for the average unit during Hours

the heating season

Source: Evaluation team analysis

Table ES-4. PSD Variable Results

Heat Pump Displacement EFLH, EFLH.
Type Category
CHP FD 1,202 437 1.00 0.86 0.91
CHP PD 661 409 0.95 0.82 0.67
MSHP FD 1,014 389 0.92 0.93 0.92
MSHP PD 810 372 0.93 0.94 0.79
GSHP FD 1,768 388 0.74 0.59 0.99

Source: Evaluation team analysis
Considerations

Based on the study findings, below are considerations for the utilities and program
administrators offering fuel displacement rebates for heat pumps.
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C1l. Enhance program requirements to more clearly identify criteria for Full Displacement
and Partial Displacement installations.

The participants in this study had their heat pumps installed in 2021 or 2022 (majority of
installations were in 2022). During this time period, the Mass Save and Energize CT heat pump
offerings did not fully require the participant to remove or disconnect backup heating sources,
rather, the systems were allowed to stay in as emergency backup heat. Many of the customers
used these old units for backup heat to meet part of the heating load, however analysis of
metered data for program participants during this time period shows that about 85-90% of the
homes heating load was met by the heat pump for both CHP and MSHP Full Displacement
installations, and almost 100% for GSHP installations.

In 2024, the sponsors of Mass Save require the removal or disconnection of backup heating
systems for a Full Displacement rebate, which should help to minimize the use of backup
heating sources in FD installations.

The current program guidelines and Qualified Product Lists (QPLs) also enforce higher
thresholds for heat pump maintenance capacities (Btu delivered capacity of the unit at 17°F and
5°F relative to the rated capacity at 47°F) and efficiencies at lower outdoor air temperatures,
relative to the minimum requirements in place in 2021 and 2022.

Below are considerations to enhance program guidelines if the program intends for FD
installations to maximize the usage of the heat pump and minimize the use of backup heat or
auxiliary electric heat:

Full Displacement program qualifications could be further enhanced by:

9 Ensure that program criteria make it clear that, for whole home heat pump designations,
the newly installed heat pump(s) must serve all of the regularly occupied areas of the
home.

1 The Sponsors of Mass Save currently require that contractors size the heat pump(s) to
meet the full heating load of the entire home per ACAA Manual J Design Conditions,
however this documentation is only required upon request. Consider further clarifying the
design temperatures and sizing thresholds contractors must use to ensure the heat
pump can meet the heating loads of the home down to the lowest outdoor air
temperatures. Further clarify whether the capacity requirements are solely for heat pump
compressor operation, or for the heat pump and any installed auxiliary electric heat.

1 If a customer has an existing heat pump (non-rebated or previously rebated) that will
remain installed to serve part of the home, consider if the program intends to allow these
homes to qualify as Full Displacement.

91 Develop or further enhance random onsite verification of installed heat pump units. For
sampled sites, request the Manual J, and during these verification visits, verify the inputs
and the load calculations. Ensure that the heat pump(s) serve the intended areas of the
homes and that the model specifications and capacity of the heat pump(s) can
reasonably meet the heating loads of the home or zones that are intended to heat.
Ensure contractors and customers are aware that random verification visits may occur at
the premise.

1 Update rebate structure to align with heating capacity rather than cooling capacity.
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C2. Give additional guidance to installers on switchover temperatures and heat pump

sizing.

1

Continue to provide and improve criteria and guidance to contractors on what switchover
temperature to size the heat pump for, and what switchover temperature to program for
Partial Displacement systems. Consider setting maximum switchover temperature(s), so
that heat pumps are meeting more of the winter period load.??

C3. Consider adjustments to program requirements for integrated controls, especially for
MSHPs.

T

Installation of integrated controls was a program requirement in 2021/2022 and remain
in place in 2024 (MA). Even so, less than half of MSHP installations showed consistent
switchover temperatures across the metered period. Many MSHPs are installed to serve
spaces not served by a backup system. Integrated controls can and should continue to
be required and used in cases where they make sense (CHP installations, MSHP
installations where the zoning of MSHP and backup heating systems are aligned, where
the IC products work well for the installed systems, and for which the customer is willing
to use them). The droop control method may also be a good option for installations that
are not a good fit for integrated controls or for which the customer is not willing to use
them, however zoning of the heat pumps and backups systems may still be a
consideration.

C4. Provide customers with additional education on how installing a heat pump will
impact their electricity bill.

T

For customers who were dissatisfied with their electricity bill, a common theme was
frustration that they did not understand how much a heat pump could impact their
electrical bill. Consider providing additional education and tools on how a switch to a
heat pump couldimpac t ¢ u st o especidl\sif their pretexisting system is not
electric. Both Mass Save and Energize CT websites host heating and cooling cost
comparison calculators to compare the operational costs of different HVAC systems.??
These tools can further be promoted to customers and contractors to assist in these cost
estimations, especially for potential FD applications.

Share the customer experience findings of this study with the heat pump installer
networks for awareness of maintenance issues that tend to occur in these types of heat
pump installations. Consider enhancing quality control checklists for any verification
visits, and checking for potential maintenance items such as condensate or refrigerant
charge issues.

22 Mass Save currently has maximum switchover temperatures based on backup heating fuel type. Energize CT
could consider similar program guidelines.

23 Mass Save calculator: https://www.masssave.com/residential/heating-comparison-calculator

Energize CT calculator:
https://tools.efficiencyestimator.com/ct/renewableheatingcoolingtechnologiesroicalculator/home
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C5. Conduct a heat pump technical assessment periodically to inform program
requirements.

1 Heat pump technology is evolving rapidly, with new product entering the market every
year with higher reported efficiency, maintenance capacity (Btu delivered capacity of the
unit at 17°F and 5°F relative to the rated capacity at 47°F) at lower outdoor air
temperatures, controls, and other features. The Massachusetts Program Administrators
and Connecticut utilitiesutilities could conduct periodic review of the product available in
the market and their technical specifications and unit prices to inform potential updates
to minimum program requirements including heat pump efficiencies and capacity ratios.

C6. Update deemed savings estimates and parameters in the Massachusetts Technical
Reference Manual and the Connecticut Program Savings Documents.

1 The Massachusetts Program Administrators and Connecticut utilities should update
measure savings assumptions using the deemed savings and parameter estimates
developed through this study. Measure impacts are provided in Section 6 for two
scenarios 1 1) using the full metered sample in this study aligned with the program data
displacement designations, and 2) subset down to Full Displacement sites that removed
or disconnected their backup heating system, with heat pump unit types removed from
the baseline weights. The Massachusetts Program Administrators and Connecticut
utilities should use the measure impacts that more closely aligns with prospective
program requirements in the respective states.
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.l ntroducti on

This comprehensive report, developed for the Massachusetts Program Administrators (PAS),
Massachusetts Energy Efficiency Advisory Council Evaluation, Measurement and Verification
consultants (EEAC consultants), and the CT Evaluation Administrator (EA) team, describes the
Gui dehouse teamb6s Drithe HeatriPgnyp Materidg Stuay $HPMS), conducted
in the states of Massachusetts and Connecticut.

This report provides an overview of the programs, study goals, and evaluation activities in
Section 1. Detailed methodology is provided in Section 2. Results for the study are provided in
Section 3 (heat pump performance), Section 4 (heat pump and backup system usage), Section
5 (customer experience), and Section 6 (measure impacts). Section 7 describes lessons
learned and ideas for future studies. Appendix A details measure impact results for additional
scenarios. Appendix B provides the customer and interview guides. Appendix D provides select
responses to the customer surveys not provided in the report body.

1.1 Relevance

Both Massachusetts and Connecticut have heat electrification goals. In Massachusetts, the
emission reduction goal is 80% below 1990 emissions levels by 2050%*. The state's climate plan
calls for electrifying 26% of households by 2025 and 38% by 20302°. This translates to about
100,000 heat pumps installed by 2025 and 500,000 by 20302¢. In Connecticut, the climate goals
are to reduce statewide emissions 45% by 2030 and 80% by 2050, relative to a 2001 baseline?’,
which would also require many homes to also electrify. The heat pump fuel displacement
program offerings through Mass Save and Energize CT are aligned with these goals.

1.2 Program Description

Both the Sponsors of Mass Save and the Sponsors of Energize CT have continued efforts to
encourage homeowners to meet more or all of their home heating needs with heat pumps,
especially for customers with pre-existing heating systems that are carbon intensive, such as
electric resistance heat, or furnaces or boilers that heat with natural gas, fuel oil, or propane.
Both states have introduced fuel displacement rebates/incentives to encourage the adoption of
heat pumps for customers with these pre-existing heating types. In addition, the broader market
has seen a greater penetration of heat pumps targeted toward cold climates (cold climate heat
pumps) and, in the past few years, has seen customer usage behavior change as a result of the
COVID-19 pandemic. The Massachusetts PAs and Connecticut EA Team commissioned this
study to learn about current usage patterns for heat pumps and other heating equipment,
electric peak demands for heat pumps, the performance and efficiency of heat pumps, and the

24 iClean Energy and Climate Plan for 2025 and 20300 , Ma s s a ExbcutiveeQffitesof Energy and Environmental

Affair, https://www.mass.gov/info-details/massachusetts-clean-energy-and-climate-plan-for-2025-and-2030#clean-
energy-and-climate-plan-for-2025-and-2030-

25 fAppendices to the Clean Energy and Climate Plan for 2025 and 2030Massachusetts Executive Office of Energy

and Environmental Affair, https://www.mass.gov/info-details/massachusetts-clean-energy-and-climate-plan-for-2025-
and-2030+#clean-energy-and-climate-plan-for-2025-and-2030-

26 fiMassachusetts Climate Report Card-Bui | di ngs Decar boni zationo, Massachusetts
Resilience, https://www.mass.gov/info-details/massachusetts-climate-report-card-buildings-decarbonization

"APubl i c M2tGgonNaxticut Department of Energy & Environmental Protection,
https://www.cga.ct.gov/2018/act/pa/pdf/2018PA-00082-R0O0SB-00007-PA.pdf
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ability of heat pumps to meet customerds full hea
temperatures.
Two displacement scenarios are possible through the fuel displacement program offerings: full
displacement and partial displacement:

1 Full displacement (FD). The customer removes, disconnects, or indicates that they will
not use their pre-existing fossil fuel or electric resistance heating system except in
emergencies (extreme weather events, heat pump maintenance or down time) and
replaces all space heating needs with heat pumps.?® Supplemental electric resistance
heat is allowed as needed during peak heating periods. Backup heat can also be
provided by wood or pellet stoves during peak weather events.

9 Partial displacement (PD). The existing fossil system is left in place and an integrated
controlisusedt o pri oritize the heat pump systemds us
temperatures when the heat pump operates more efficiently. The backup fuel oil,
propane, or gas heating systems are only used at lower outdoor air temperatures when
the heat pump efficiency is lowest, when the heat pump cannot meet the full heating
loads of the home, or through additional interventions by the customer to meet comfort
or other needs. Partial displacement also includes portions of homes where the heat
pump fully or partially displaces the existing heating system.

Both the Mass Save and Energize CT programs have changed requirements each program
year. Below summarizes these requirements:

1 2021 Mass Save: Integrated controls are required unless the central heating system is
removed. Rebated amount of $1,250 per ton.

1 2022 Mass Save: Rebate eligibility added for customers with pre-existing natural gas
heating systems. Rebate is split into whole-home and partial-home rebates. Customers
could receive a $500 bonus when moving forward with weatherization recommendations
made during a Home Energy Assessment prior to installing the heat pump (this incentive
was also added for Energize CT).

0 Whole-home rebate: Heat pump must be used as the sole source of heating
during the heating season. Rebated amount of $10,000 per home?° for air source
heat pumps and $15,000 for ground source heat pumps. Projects may include
backup or supplemental heat from non-fossil fuel sources, such as a wood or
pellet stove or electric baseboard (resistance) heat, including spaces that are
difficult to serve with air source heat pumps such as bathrooms.

0 Project must include either the removal or disconnection of the pre-existing
heating system or the homeowner must agree to not use the pre-existing system
unless there is an emergency. The pre-existing system can remain in place and
operate only if it is used for domestic hot water heating. Homes must also be
occupied full time during the winter heating season. Homes must be sufficiently
weatherized prior to heat pump installation.

28 Starting in 2024, Mass Save requires customers to verify the removal of the pre-existing heating system or ensure
that it is disconnected at the electric panel or thermostat.

2% Moderate income customers, in Massachusetts, may receive a heat pump rebate up to $25,000 per home in 2024.
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o Partial-home rebate: Heat pump must be used to supplement pre-existing
heating system during the heating system. If the pre-existing heating system is
oil, natural gas, or propane, integrated controls must be installed. Rebated
amount of $1,250 per ton, up to $10,000 per home for air source heat pumps,
$2,000 per ton, up to $15,000 for ground source heat pumps.

1 2022 and 2023 Energize CT: In 2022, Energize CT did not include a distinct
differentiation between whole-home or partial-home rebated amounts. Both receive a
rebate of $1,000 per ton. There was no requirement to remove or disconnect existing
system, but if the system is left in place, an integrated control must be installed for all
heating zones where the existing system will remain in use.

1.3 Study Goals and Research Objectives
The primary goals of this study were to:

1 Perform field monitoring to assess the actual heating and cooling performance and
usage of the latest generation of residential heat pumps being supported by the
programs.

1 Perform field monitoring of baseline HVAC technologies as available and appropriate
and estimate baseline HVYAC consumption across all fuel categories.

1 Analyze and quantify gross baselines for residential heat pumps to derive gross
measure impacts.

This study will provide the Massachusetts PAs and Connecticut EA team with combined results
for typical performance curves, load shapes, and de-rate factors for central heat pump (CHP),
mini-split heat pump (MSHP), and ground source heat pump (GSHP) installations in
Massachusetts and Connecticut, typical electric consumption of heat pump equipment in
heating and cooling seasons, and measure impacts that represent the range of heat pump
installations through the existing homes heat pump program offerings.

The primary research questions are:

1. Heat Pump Performance and Capacity
1 What is the measured efficiency of installed heat pump systems?

1 What is the difference between rated and operational (in situ) performance of heat pump
systems?

1 What is the performance and delivered heat of heat pumps down to low outdoor air
temperatures?

2. Heat Pump Usage and Peak Demand

1 Whatis the usage and peak demand of heat pumps in Massachusetts and Connecticut
(combined result) during both heating and cooling seasons?

3. Backup and Auxiliary System Usage and Control

1 How are customers using their equipment and does this align with the intended
operation (e.g., switchover temperatur e, heat
or off).
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1 For PD and FD systems, under what conditions are backup systems and auxiliary
heating being used?

What is the primary driver for the backup systems or auxiliary heating being used?

What improvements could be made to optimize the displacement fraction for FD and PD
installations?

1 What fraction of total load across the cooling and heating season is being met by the
heat pump? What causes homes to have a higher or lower fraction?

1 For PD systems, what type of control sequences (i.e., integrated controls, other controls)
are employed, and what settings and setpoints are contractors or customers
programming?

4. Customer Experience

9 For FD installations, can installed heat pumps keep the customers comfortable during
the coldest days?

5. Measure Impacts

1 What is the overall electric, gas, and delivered fuel consumption change due to central
heat pump and mini-split heat pump installation for partial and full-displacement of
existing oil, propane, gas, and electric resistance baseboard heating systems? Output
from this study will inform the Massachusetts Technical Reference Manual (TRM) and
Connecticut Program Savings Document (PSD).

1 What are the distributions of gross baseline heating and cooling systems for fuel
displacement measure installations? The gross baseline is the heating and cooling
equipment the customer would have installed iftheydi dndét i nstall the heat

1.4 Summary of Evaluation Activities

Table 1-1 details the activities included in the Heat Pump Metering Study along with their
rationale. These tasks were completed over the course of the study.

Table 1-1. Summary of Activities

Activity Rationale

Gather Massachusetts and Connecticut Heat Pump program data.
Determine number of sample points and strata for statistically
significant results.

Program Data Request and
Sampling

Collect information about use of heat pumps, home characteristics,
and collect interest for metering study. For fast feedback interviews

Customer Surveys and and end-of-season survey, collect feedback on whether customers

Interview were comfortable during winter peak period, and how they used their
HVAC systems.
Perform spot measurements and collect home characteristic data.
Field Visits and Equipment Install long term metering equipment for monitoring period. This was
Monitoring done in two waves, with Wave 1 sites installed in November 2023, and

Wave 2 sites installed between April and August 2024.
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Activity Rationale

Analyze post-retrofit metered data to determine usage, efficiency, and
Survey and Metered Data heating/cooling loads for heat pump system installations. Determine
Analysis usage of both heat pumps and backup HVAC systems for use in
impact analysis.

Use regression and engineering models to determine weather-
Determine Measure Impacts normalized post-retrofit HYAC usage, baseline usage, and determine
measure impacts.
Develop four stages of report deliverables including:
1. Interim PPT including performance and usage findings for Wave 1
sites

2. Interim measure impact results

3. Draft report including draft results, conclusions, and
recommendations

4. Final impact results
5. Final report with final results, conclusions, and recommendations

Reporting

Source: Evaluation team analysis

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

1 Backup System i (aka secondary system) used to refer to separate conditioning
systems independent from the heat pump (boiler, furnace, wood stove, baseboard
heating, space heater, window AC unit, central AC)

1 Auxiliary Heating i (aka supplemental heating) integrated electric resistance heating in
the heat pump system. Operates when compressor can no longer deliver heat. Typically
found in the air handlers of central and ground source heat pump installations.

1 Compressor Heating i heat pump compressor itself is delivering heat.

1.6 Abbreviations

Throughout this report, several abbreviations are referenced. Terms are defined as follows and
on first use in the text.

Btu: British thermal units

CHP: Central heat pump

COP: Coefficient of Performance

DHW: Domestic hot water

EEAC: Energy Efficiency Advisory Council

EER/EER2: Energy efficiency ratio

EFLH: Equivalent full load hours

FD: Full displacement

=A =4 =4 4 4 4 4 -4 I

GSHP: Ground source heat pump
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=A =4 =4 =4 4 4 4 -4 -4 -4 4 4 -4 -4 -4

HPMS: Heat pump metering study

HSPF/HSPF2: Heating seasonal performance factor

HVAC: Heating, ventilation, and air conditioning
IQR: Inter-quartile range

ISO: Independent System Operator

kBtu: One thousand British thermal units

kW: Kilowatt

kWh: Kilowatt-hour

MMBtu: One million British thermal units
MSHP: Mini-split heat pump

PA: Program Administrator

PD: Partial displacement

PSD: Program Savings Document

QC: Quality Control

SEER/SEER2: Seasonal energy efficiency ratio

TRM: Technical Reference Manual
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2.Met hodol ogy

The following section outlines the methodological approaches used in this study. The program
data for heat pump fuel displacement participants was first requested and then used to pull
samples of projects to field the customer survey. The customer survey collected characteristics
of the customer homes, HVAC equipment and usage, and other feedback on the equipment.
The customer survey also served as a basis from which to recruit participants into the metering
portion of the analysis. Data loggers were installed to collect usage and performance for heat
pumps and backup heating systems at a sample of customer homes. The data collection period
extended for one to two winters and for one summer, depending on the installation date for each
metered site. The data collection onsite was used to calculate annual consumption and peak
demand of heat pumps and to understand the usage of backup heating systems. Measure
impacts results were calculated by modeling the baseline HVAC equipment usage and
subtracting the usage of the installed heat pump equipment.

2.1 Program Data Request and Review

A request was submitted (Wave 1) to DNV in August 2022 for Massachusetts program data,
covering Heat Pump Fuel Displacement measure records for all of 2021 and the portion
available from 2022. In response to the Wave 1 request, DNV provided program data for all
2021 participants and the portion of 2022 participants that had been logged as of August 2022.
Table 2-1 shows the number of unique single-family and multi-family customers from the
program datasets for each of the major measure categories.

Table 2-1. Wave 1 Population Size (Massachusetts Only)

Wave 1
i Displacement Massachusetts
Building Type System Type Scenario Program Data
Population
o ) FD 522
Mini-Split Heat Pump
PD 2,969
Single Family (Detached Central Heat P FD 162
entral Heat Pum
and Attached) p PD 1,455
Ground Source Heat ED 11
Pump
Multi-Family (5+ units) Mini-Split Heat Pump FD 2
Total 5121

Source: Evaluation team analysis
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DNV later provided a full year 2022 dataset (Wave 2), sent to the evaluation team in February
2023. Table 2-2 shows the number of additional 2022 participants in this dataset.

Table 2-2. Wave 2 Population Size (Massachusetts)

Wave 2
- Displacement Massachusetts
Building Type System Type Scenario Program Data
Population
o ) FD 2,201
Mini-Split Heat Pump
Single Family PD 2,399
(Detached and Central Heat P FD 716
entral Heat Pum
Attached) P PD 1971
Ground Source Heat Pump FD 22
Multi-Family (5+ units)  Mini-Split Heat Pump FD 7
Total 7,316

Source: Evaluation team analysis

The evaluation team sent a program data request to Eversource and United llluminating in
January 2023, requesting all 2021 and 2022 heat pump fuel displacement program data.
Eversource sent the program data in January 2023 and United Illuminating sent the final
program data in March 2023. Table 2-3 shows the number of participants in these datasets.

Table 2-3. Wave 2 Population Size (Connecticut)

. 2021-2022
— Displacement 2021 ES 2022 ES
*
Building Type System Type Scenario Pop. Size  Pop. Size Uslizgf'
Mini-Split Heat FD 118 222 3
Pump PD 3 144 17
Single Family
(Detached and Central Heat FD 38 80 6
Attached) Pump PD 23 176 11
Ground Source D 109 173 0
Heat Pump
Mqltl-Famlly (5+ Mini-Split Heat FD 1 5 0
units) Pump
Total 292 800 36

For the purposes of this table ES = Eversource (CT) and Ul = United Illluminating (CT). Pop. = Population
*Assumed based on Massachusetts data, as building type was largely unknown in Connecticut data
**4 O6null & heat pump types

Source: Evaluation team analysis
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2.2 Customer Surveys and Interviews

Guidehouse fielded three surveys (Wave 1, Wave 2, and End of Season) and one customer
interview effort during the study. Table 2-4 shows a brief description for each of the outreach
methods and the associated timeline. Appendix B includes the full survey guides.

Table 2-4. Description of Customer Surveys/Interviews and Timelines

Outreach
Fielding Launch

Qutreach Ty p e Description of Effort

Primary Survey: Wave 1 Comprehensive survey sent to 2021 and
2022 Massachusetts program participants to

# of Responses: 825 . . . .
P recruit participants to the metering portion of

Response Rate: 20%

. the study, determine the baseline HVAC October
Outreach Group: 2021 + partial systems, assess experience with their heat
year 2022 participants pump(s), and understand behavior at a high
(Massachusetts only) level.

Interviews conducted with the homeowners
FastFeedback | nt er atFDsitesenrolledinthe Wave 1 portion of
# of Interviews: 13 the met_ering study. The conversation took
En0 place directly after the New England cold
Response Rate: 52% o snap in February 2023 (where temperatures February 2023
Outreach Group: FD participants  reached as low as -13°F). Conversations
at Massachusetts sites recruited  focused on heat pump performance and use

during W1 survey (n = 25) of backup systems in extremely cold
temperatures.

Primary Survey: Wave 2 Comprehensive survey sent to 2022

# of Responses: 631 program participants in both Massachusetts

Response Rate: 23% and Connecticut. Again, this survey was

Outreach Group: Sample of full de5|gr)ed to recruit participants to the_ March 2023

year 2022 participants metering portion of the study, determlnt_a the

(Massachusetts and Connecticut) baseline HVAC systems, assess experience

and select 2021 participants with their heat pump(s), and understand

(Connecticut) behavior at a high-level.

End of Season Survey Survey fielded to all participants in the

metering study, with a focus on

# of Responses: 136 ) - .
P understanding how participants are using

Response Rate: 74%

_ their heat pump(s) and any additional February 2024
Outreach Group: All metering heating source(s) during the winter and cold
study participants (Massachusetts  periods. In addition to behavior, the survey
and Connecticut) also captured comfort and satisfaction.

Source: Evaluation team analysis

The following subsections describe the methodological approaches for conducting the primary
customer surveys (Wave 1 and Wave 2 surveys), end of season survey, and fast feedback
interviews. In addition to data collection, customer surveys were used to recruit participants for
the onsite metering study, as well as to also understand customer HVAC usage characteristics,
building characteristics, and to inform gross baseline weighting.
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2.2.1 Primary Customer Survey

Customers were recruited using the data from the 2021 and 2022 program years and fielded
two primary surveys, the first to collect building and usage characteristics, and the second was
to evaluate customer eligibility and gauge interest in the follow-up metering study. The first
primary survey (Wave 1) was fielded in fall 2022 using the full 2021 year and the January
through August 2022 Massachusetts program participants and was used to recruit customers
into the Wave 1 meter installations in fall 2022 through winter 2022/2023. The second primary
survey (Wave 2) was launched using the remainder of the full 2022 program participants for
Massachusetts and the full 2021 and 2022 program data from Connecticut, to support Wave 2
meter installations in spring and early summer 2023.%

Overall, the evaluation team surveyed 6,760 customers who participated in the Massachusetts
and Connecticut heat pump programs. The primary customer surveys collected information to
meet the following objectives:

1 Confirm building type, HVAC equipment types and fuels, and other demographic
variables used for designing representative samples and for potential post-weighting
variables.

1 Assess gross baselines using baseline determination questions, including what type of
heating and/or cooling equipment the customer
the heat pump they did.

1 Customer installation decisions, control types, HVAC operation practices, and other
heating options (wood stoves, fireplaces, portable heaters).

1 Metering study recruitment questions, including screener questions for eligibility and
willingness to patrticipate.

1 Confirm pre-heat pump installation system type and fuel source and obtain delivered
fuels purchase orders or volume estimates.

The evaluation team used the provided program tracking data to identify a sample for the
participant survey. Each customer was tagged with a survey variable name which allowed
separate questions and modules for customers that installed either a CHP, MSHP, or GSHP,
either as FD or as PD, and sites with an integrated controller.

Table 2-5 and Table 2-6 show the survey sample disposition for the Massachusetts Wave 1 and
Wave 2 surveys, respectively. The tables include the number of customers for each measure
category, the number of customers that the survey was fielded to, and the number of customers
who completed the survey.3! All invitations were sent through an initial email, with up to two
reminders to customers. A $20 incentive was also offered to respondents.

30 Onsite meter installations for customers who participated in the heat pump fuel displacement programs in 2022
were prioritized. For Massachusetts, 96 sites in the onsite sample had heat pumps installed in 2022, and five sites in
2021. For Connecticut, 66 sites had projects complete in 2022, and 18 sites with projects complete in 2021.

31 Given the large number of respondents from Massachusetts who completed heat pump full displacement projects
in 2022, the survey data analysis was limited to these customers only and excluded those who participated 2021.
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Table 2-5. Primary Survey Sample Disposition i Wave 1 (Massachusetts Only)

Massachusetts Wave 1 Wave 1
Building System Displacement Survey
- Program Data Survey
Type Type Scenario - Respondents
Population Respondents
Complete
FD 522 452 133 118
MSHP
Single PD 2,969 2,224 500 442
Family
(Detached FD 162 150 52 45
and CHP
Attached) PD 1,455 1,194 245 213
GSHP FD 11 11 6 6
Multi-
Family MSHP FD 2 2 1 1
(5+ units)
Total 5,121 4,033 937 825

*Wave 1 population includes 2021 participants and 2022 participants from January through August 2022
**Customers with accurate and complete customer records, with customer emails
Source: Evaluation team analysis

Table 2-6. Primary Survey Sample Disposition i Wave 2 (Massachusetts)

Wave 2 Wave 2 Wave 2 Wave 2
Building System Displacement Massachusetts Survey
. Survey Survey
Type Type Scenario Program Data - Respondents
. Sample Respondents
Population Complete
FD 2,201 450 129 104
MSHP
Single PD 2,399 403 96 83
Family
(Detached FD 716 400 189 157
and CHP
Attached) PD 1,971 550 90 85
GSHP FD 22 20 9 9
Multi-
Family MSHP FD 7 2 - -
(5+ units)
Total 7,316 1,825 513 438

*Wave 2 population includes all customer records from September 2022 through December 2022, and records from
January through July 2022 that were not included in the Wave 1 data extract from DNV.

*Subset of customers with complete records (including emails). Number of participants included in sample was
reached by applying Wave 1 response rates.

Source: Evaluation team analysis
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The Connecticut program tracking data contained a limited number of email addresses. This
posed some challenges to the recruitment for the Wave 2 survey. Table 2-7 outlines the number
of participants in each measure category by year and the number of available email addresses
for outreach. Due to the limited number of email addresses, all the available emails in
Connecticut were contacted.
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Table 2-7. Primary Survey Sample Disposition i Wave 2 (Connecticut)

2021- Wave 2
Building System  Displacement 2021 ES 2021 E.Sh 2022 ES 2022 E.Sh 2021- 2022 Ul Total with Survey
Type* Type Scenario Pop. Size Pop. V.V't Pop Pop. V.V't 2022 F” Pop. With Emails Respon-
' Emails ' ST Pop. Size L dents
Emails
Complete
FD 118 111 222 170 3 3 284 50
: MSHP
Single PD 3 3 144 98 17 17 118 24
Family
(Detached cpp FD 38 36 80 67 6 6 109 24
and PD 23 23 176 136 11 11 170 47
Attached)
GSHP FD 109 83 173 132 0 0 215 48
Multi-
Family MSHP FD 1 1 5 5 0 0 6 -
(5+ units)
Total 292 257 800 608 36 36 902 193**

For the purposes of this table ES = Eversource (CT) and Ul = United llluminating (CT). Pop. = Population
*Assumed based on Massachusetts data, as building type was largely unknown in Connecticut data
**4 O6null 6 heat pump types

Source: Evaluation team analysis
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2.2.2 Winter 2023 Fast Feedback Interviews

A historic cold snap occurred the weekend of February 3-4, 2023. Temperatures reached as low
as -13°F in certain regions of Massachusetts. Prior to this weekend, the incoming weather was
noted, and interviews rather than a survey were conducted to capture any weather response
from participants. These interviews were approximately 15-20 minutes and focused on asking
customers about their HYAC usage during the cold snap (setpoint adjustments, system
operation, use of backup or supplemental heat), their perceived performance of their heat pump,
and the ability of their primary heat pump system to keep them comfortable. The full eligible
population (25 sites) was contacted, and 13 participants were recruited for interviews.
Interviewees were given a $10 incentive for their participation.

2.2.3 Winter 2024 End of Season Survey

Originally, Guidehouse planned to field a short survey, like the interviews conducted in Winter
2023. However, the PAs, EEAC consultants, and EA team expressed interest in a more
comprehensive survey to understand customer behavior and satisfaction in more granularity. To
address these objectives, Guidehouse increased the length of the survey and adjusted the
incentive to $20, rather than the previously planned $10. Additionally, this survey was fielded to
all participants in the metering study (n = 185) rather than only the FD subgroup. Overall, the
survey received 136 responses (74% response rate). Unfortunately, the weather did not drop
below 5°F in Massachusetts during the Winter of 2023-2024, so the survey was launched with
guestions referring to a cold period at the end of January 2024. The following research areas
were addressed through the end of season survey:

1 Backup Heat Usage and Systems Operationd Understand if customer uses backup
heat during the winter and/or identify if they had an emergency situation that warranted
their use of backup heat. Gauge customer
temperatures as it is influenced by comfort levels.

1 Impact of Electricity Costsd Assess relative impact of increased electricity costs on
heat pump usage.

1 Thermostat Setpointd Understand general customer habits with the thermostat
setpoint, how those habits change in the winter, and whether it is similar to previous
seasons.

1 Feedbackd Opportunity for heat pump, study team, and program feedback.

2.3 Sample Design and Onsite Sample

The evaluation team designed a sample to collect metered data on heat and backup heating
season usage, and to collect data necessary to calculate the performance of heat pumps across
heating and cooling seasons. Table 2-8 outlines the sample size as defined in the study plan,
and number of onsite sample points that had been installed across Massachusetts and
Connecticut, by building type, heat pump type, and displacement type. The planned 185 onsite
sample points to collect heat pump usage, peak demands, and backup heating system usage
were achieved.
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The sample size for the multi-family strata was cut down due to a smaller than anticipated
number of multi-family projects being present in the program data. In coordination with the study
sponsors, a sample from the original multi-family strata was shifted to the GSHP stratum, which
had a larger number of GSHP projects than originally anticipated.

Table 2-8. Onsite Metering Sample i Usage and Peak Demand

Sample Sites SIES
Displacement np Installed in . Total Sites
. Size Installed in
Scenario Massachuse . Installed
Planned tts Connecticut

Building Type System Type

- . FD 37 31 16 47
Mini-Split Heat
Pump
PD 48 23 8 31
Single Family
FD 37 29 9 38
(Detached and  Central Heat
Attached) Pump
PD 36 12 25 37
Ground
Source Heat FD 5 1 25 26
Pump
_ . Mini-Split Heat ED 22 4 0 4
Multi-Family Pump
5+ units
( ) Central Heat D 0 1 1 5
Pump
Total 185 101 84 185

Source: Evaluation team analysis

Additional data was collected at a subset of the 185 sites to support calculation of heat pump
performance. Table 2-9 shows the number of sites where data loggers were installed to collect
the additional performance data (106 sites total, one higher than planned).
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Table 2-9. Onsite Metering Sample i Performance

Sites Installed Sites Installed

Displacement System Sample Size in in Total Sites
Scenario Type Planned (n) Massachusetts  Connecticut Installed
Mini-Split
Heat Pump 37 25 13 38
Central Heat
FD Installations Pump 37 26 8 34
Ground
Source Heat 5 1 11 12
Pump
Mini-Split
Heat Pump 13 5 2 !
Central Heat
PD Installations Pump 13 6 9 15
Ground
Source Heat 0 0 0 0
Pump
Total Mini-Split Heat Pump 50 30 15 45
Total Central Heat Pump 50 32 17 49
Total Ground Source Heat 5 1 11 12
Pump
Total Installs 105 63 43 106

Source: Evaluation team analysis

Figure 2-1 shows the location of onsite meter installation in Massachusetts, indicated by the
three major climate regions (Western, Central, and Coastal). Figure 2-2 shows the portion of
total installations in these three climate regions as indicated in the customer survey and for the
onsite sample. The onsite sample is adequately representative of installations of heat pumps
across these three climate regions in Massachusetts.

Figure 2-1. Map of Onsite Installations in Massachusetts

g

Source: Evaluation team analysis
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Figure 2-2. Count of Onsite Installations per Climate Region in Massachusetts
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Figure 2-3. shows the location of onsite meter installations in Connecticut, separated by the
three major climate regions (Northern, Central, and Coastal). Figure 2-4 shows the portion of
total installations in these three climate regions as indicated in the customer survey and the
onsite sample. The onsite sample is adequately representative of installations of heat pumps
across these three climate regions in Connecticut.

Figure 2-3. Map of Onsite Installations in Connecticut
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Figure 2-4. Count of Onsite Installations per Climate Region in Connecticut
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2.4 Onsite Data Collection

Onsite visits were conducted to collect building characteristics®?, equipment characteristics, and
to install a suite of metering/logging equipment to collect all data required for the analysis. The
metered equipment included the heat pump compressor, indoor fan units, and supplemental
electric resistance heat, as well as any existing electric resistance baseboards, furnace fans,
boiler pumps, space heaters, and central ACs. Plug load loggers were used for plug-in
equipment such as space heaters. Integrated space and water heating systems utilized surface
temperature sensors on the water heating piping to determine when there was demand from the
boiler for the water heating separate from space heating. Temperature and humidity loggers
were also installed to monitor outdoor air, supply air, as well as return air temperature and
relative humidity. While onsite, the quantity and nameplate information for all heating and
cooling equipment was recorded to determine equipment characteristics, such as rated capacity
and efficiency.

Onsite spot measurements were used to correlate fan airflow versus fan power consumption.
Airflow testing methodologies are described further in Section 2.4.2.

The field visits and equipment installation took place in two waves. Wave 1 installations took
place in fall 2022, and Wave 2 installations occurred in spring and early summer 2023. The sites
were further split into two groups: performance and usage. Performance sites collected all the
data necessary to calculate heat pump performance as well as heat pump and backup heating
system electrical usage. Usage sites only collected electrical consumption data.

32 There are more than 30 building characteristics that were recorded during the site visit including home square
footage, number of permanent residents, age of the home, thermostat setpoints, and fuel sources used in the home.
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2.4.1 Metering Setup
The following set of equipment was installed for long-term metering.
Power:

1 Power Meterd Meter installed at the electrical panel that is used to meter all HYAC
power measurements including the outdoor units, air handlers, pumps (for boiler backup
systems), and electric resistance supplemental heat. Current transformers were also
added on all non-heat pump HVAC circuits in the home, including circuits for furnaces,
boilers, and central ACs as applicable.

1 Plug Load Metersd Installed on plug-in HVAC equipment used in the home at a small,
including space heaters and window ACs (installed at 10 homes).

1 Smart Oil Gauged Wireless fuel oil tank meter that uses ultrasonic sound waves to
determine fuel oil level and transmits the fill level data via Wi-Fi.

1 Copper Labs Loggerd Wireless energy monitor that can deliver whole-home gas meter
data at homes with an AMR Type-12 gas meter.

1 Surface Temperature Loggersd Loggers used to monitor temperature of flues for gas,
oil, propane, or wood space heating systems, were used to inform when backup systems
were in use.

Performance;:

I Temperature and Relative Humidity Probesd Meters used to collect outdoor ambient
temperature and relative humidity, and for the supply air and return air to the heat
pumps(s).

1 Current Monitoringd Used to continuously monitor fan current. The fan current was
correlated with fan airflow measurements during the onsite visit.

Table 2-10 summarizes the types of meters used for the study, the data collected for each
equipment type, and the location in which they were installed.

Table 2-10. Metering Equipment for Heat Pump Systems

Metering
Type

Sensor Type Equipment

Measurement Location

Power supply Watt
Power (P) to outdoor unit Usage Transducer eGauge 3010
Onset MX1105 + 1A CT with
; Current converter or eGauge if air
Current (i) Supply Fan Performance Transducer handler had dedicated
breaker

Air Temperature & Supply Air (SA)
Relative Humidity Duct, Return Performance  Thermocouple MX2302A

(T/RH) Air (RA) Duct

MX1105 + Temp input or
MX2302A

Outside Air (OA)

Temperature (T) Outdoor Unit Performance  Thermocouple
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Metering

Measurement Location
Type

Sensor Type Equipment

Power supply
to window or

Plug Load Usage portable AC Usage Plug load Onset UX-120-018
; meter
units and
space heaters
Natljjral Gas Whole-home Usage Whole-home Copper Labs AMR Type 12
sage gas usage gas meter
Delivered fuel
Fuel Oil heating Usage NA Smart oil gauge (fuel oil)

systems

Source: Evaluation team analysis

Figure 2-5. illustrates where each of the meters were installed on a full performance metering
site for CHP equipment, as well as the data types they are collecting. Figure 2-6 shows a photo
of an example temperature sensor installed at the air handler to collect supply air temperature.
Figure 2-7. and Figure 2-8. show the analogous schematics and photos for MSHP equipment.
The eGauge, Onset MX, Smart Oil Gauge, and Copper Labs meters were internet connected to
enable real-time QC, to be able to troubleshoot any connection issues, and to support interim
analyses and deliverables throughout the metered period.

Equipment was installed by licensed professional electricians from RISE Engineering in
Massachusetts and Sarracco Mechanical Services in Connecticut (for all equipment installed in
the electrical panel), and a field technician from Ridgeline Energy Analytics. During the onsite
visits (including install and retrieval), the field team also interviewed the customer to determine
how they operated their heat pump equipment in the heating and cooling seasons, how they
interacted with their thermostats or integrated controllers, and if they changed switchover
temperature settings since installation.

Figure 2-5. Central Heat Pump Performance Metering Schematic

Ductwork

Fused
disconnect

Return air Indoor coil

I ﬂ ! and fan unit
Secondary

° heating

=

Outdoor
compressor,
fan, and coll unit
:

furnace or
boiler

Igan

U] Refrigerant-filled
tubing
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Source: Evaluation team analysis

Figure 2-6. Example of Central Heat Pump Supply Air Temperature Logger Installation

Source: Evaluation team analysis
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Figure 2-7. Mini Split Heat Pump Performance Metering Schematic for System with Single
Terminal Unit*3

Indoor unit

Outdoor unit

*Multi-Split configurations were also widely used and observed
Source: Evaluation team analysis

Figure 2-8. Example of Mini Split Heat Pump Indoor Unit Logger Installation

Source: Evaluation team analysis

33 Don Vanderbort (2024). iHow a Heat Pump Works.0  H o m e hitpsp/\veww.hometips.com/how-it-works/heat-
pumps-air-source.html
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The HVAC system power was also metered using an eGauge 3010 with 20- or 50-amp current
transformers. As part of the aforementioned field team, composed of an electrician and a field
technician, the electrician first identified the circuit breaker(s) that powered the heat pump
system(s). In mini-spilt systems and central ducted systems, one two-pole breaker typically
served a condensing unit and the indoor units or air handler connected to it.

Following identification, the field technician configured the eGauge device to calculate the power
based on the current readings at the breaker. This measurement was used in the analysis as
the input power to the heat pump system. Figure 2-9. shows an example eGauge installation.
The current transformers are metering the mains of the panel in the example photo.

Figure 2-9. Example eGauge 3010 Installation

Source: Evaluation team analysis
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2.4.2 Fan Airflow

Fan airflow data for mini-splits and central systems was collected for sites that underwent
performance metering. Depending on the system type, fan airflow was determined in one of the
following ways:

1 Mini-Split Systemsd Flow hood and balometer measurements correlated to fan current.
The current readings were measured at the outdoor unit, which provides the power to
the indoor fans.

9 Ducted Central Systemsd Multiple airflow testing procedures were available with
priority given to the procedure that is most applicable based on site-specific
characteristics. Options available include:

0 TrueFlow method using the procedures defined in ANSI/RESNET/ACCA
(American National Standards Institute/Residential Energy Services Network/Air
Conditioning Contractors of America) Standard 310.8F34 This method uses a
flow plate installed in the filter slot to measure airflow.

0 Flow Hood method using the procedures defined in ANSI/RESNET/ACCA)
Standard 310. Balometer is used to capture airflow through the central return.

2.4.2.1 Mini-Split Systems

As mentioned previously, collecting in-situ air flow data is difficult, ast h e r e n effeativé@ tvay a

to meter air flow over a |l ong period of time with
home. To generate a performance curve, airflow versus power readings were collected at each

site visit and used to generate a performance curve at the site level.

This was achieved using a calibrated flow hood (i.e., balometer) to capture spot measurements

of delivered airflow at each corresponding fan setting. To ensure consistency between sites, the

airflow measurements were performed with louvers fixed in place and in fan-only mode when

possible. Airflow measurements were takenat each speed setting on the i
controller, creating a matrix of current readings at each airflow reading and allowing the

correlation of airflow and amperage. The cleanliness of the filters and coils were noted in the

onsite data collection forms, to enable correlation of filter conditions to impacts on airflow rate

and cooling performance.

Current transformers were installed on the wire powering the indoor head. These current

transf ormers sense t he i ondmiauteinteraaistTo \wrificthartreent dr aw
lower amperages seen on mini-split units are accurately captured, the evaluation team used a

0.40 opening 1 Aforrivba Qurrentl Teartsforsmensawlith a custom converter to work

with the MX1105. Previous studies conducted by Ridgeline have shown that these current

transformers can monitor amperages as low as 0.03 to 0.15A.%°

34 Residential Energy Services Network / Air Conditioning Contractors of America (2020).i St andard f or Gr adi n¢
Installation of HVAC Systems.0 A NS / RE S N E F2020 (iipA://wnd.@snet.us/wp-
content/uploads/ANSIRESNETACCA_310-2020_v7.1.pdf

3Ri dgel i n d&ffidedc) Madng Residential Heat Pump Impact Evaluation. 0
https://www.efficiencymaine.com/docs/Efficiency_Maine_Residential_Heat Pump_Ilmpact_Evaluation_Report-

2024.pdf
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2.4.2.2 Ducted Central Systems

A flow hood (balometer) and flow plate are both high-accuracy airflow testing. If the system has
a central return, a balometer can be used to record total system airflow at the return grill. The
limited ductwork in a central return is assumed to have negligible leakage. If the filter slot is of
standard dimensions the TrueFlow can be inserted with minimal setup time. Airflow readings
were measured for as many fan speeds as possible. If explicit fan speed controls were not
available at the thermostat, then additional strategies including changing the mode and
thermostat temperature delta were used to cause the system to change fan speeds.

2.4.3 Temperature and Relative Humidity

To calculate heating and cooling loads and correlate efficiency to outdoor temperature, it is
necessary to install a variety of temperature and relative humidity (RH) sensors. For this study,
MX2302A probes were used to measure temperature and RH at one-minute intervals.

Measurements were taken for outdoor air, conditioned supply air to the space from the supply
duct or the indoor unit and return air from the space through the return duct or to the indoor unit.
The outdoor ambient temperature sensor was installed outside next to the condenser.

For ducted central systems one sensor was installed in the supply and return duct (two sensors
total). For ductless systems, multiple sensors were originally used to measure supply air
temperature and relative humidity across the supply grill to gather an average temperature. This
was done because the throw can vary across a ductless unit supply grill which will affect
temperature and relative humidity measurements. Analysis of Wave 1 supply air temperature
readings for ductless mini-split systems showed no discernable difference between the two
sensors. As a result, during Wave 2 installations, ductless mini-split systems were installed with
a single supply air sensor. One sensor placed in the center of the return grill was sufficient to
measure return or entering air temperature in a ductless system.

2.4.4 Backup HVAC Systems
Metering equipment was also installed to collect usage and runtime fort h e h danlug s

HVAC system(s). Table 2-11 contains a list of metering equipment used to measure the
consumption of various backup systems.
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Table 2-11. Metering Options for HVAC Backup or Supplemental Systems

Backup System Metering Plan

Cooling i Room Air Conditioner ~ Onset UX120-018 plug load logger provides runtime and power.
Heating i Space Heater Onset UX120-018 plug load logger provides runtime and power.

eGauge at the panel to collect electric usage of electric heating
equipment, or fans or pumps for gas or fuel-fired equipment. For
gas or fuel-fired units, used to measure on-state and estimate
runtime.

Heating i Electric, Gas, or Fuel-  For oil/gas/propane units, Ons et 6 s MX2304 t emp
Fired Furnace/Boiler installed on system flue to capture runtime.

For homes with natural gas, Copper Labs logger to collect whole-
home gas usage.

For homes with oil, Smart Oil Gauges installed on eligible tanks

Heating i Electric Baseboard eGauge and current transformer at electrical panel to directly
Heating measure power and runtime.

Source: Evaluation team analysis
2.4.5 Logger Installation Counts
Table 2-12 lists the count of meters installed at the 185 homes included in the study sample.

Table 2-12. Count of Loggers Installed

Equipment Parameter Metered Count

Heat pump, auxiliary heat, backup system, and

eGauge 3010 air handler power 210

Onset MX1105 Fan current and outdoor air temperature (OAT) 80

Onset MX2302 Temperature, relative humidity, OAT, backup 688
system ductwork surface temperature

Onset UX-120-018 Room AC and space heater power 13

(1:20)pper Labs Gas Meter (AMR Type Whole-home natural gas consumption 24

Droplet Fuel Oil Logger Fuel oil tank level 22

Source: Evaluation team analysis
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2.5 Metered Data Analysis Methodology
The following steps were used to analyze the metered data to derive the study results:

Clean and process the metered data.
Calculate in situ heat pump performance.

1
1
1 Estimate typical-year heat pump usage with site-specific weather-normalization models.
9 Estimate typical-year heat pump energy production using custom-fit models of heat
pump performance.

1 Estimate typical-year usage of hypothetical baseline heating and cooling systems based
on assumed baseline system efficiencies.

9 Estimate site-level measure impacts (savings) as the aggregate difference between
typical year heat pump usage and typical year baseline usage.

1 Aggregate site-level impacts to the stratum level (heat pump type and displacement
type) and measure level (heat pump type, displacement type, and pre-existing fuel type).
This step also uses weights for the baseline equipment types based on participant
survey responses.

These steps are detailed in the following subsections.
2.5.1 Onsite Data Processing

Loggers were installed at a total of 185 sites and metered a total of 246 heat pumps and their
associated ancillary systems. Between November 1, 2022, and May 15, 2024, 1.3 billion rows of
raw minute-level data (equivalent to 2,500 years) were collected from the study sites, which
resulted in 760 million rows after the cleaning and consolidating steps described below.

During the metered period, automated and manual processes were used to download raw,
minute-level data from the loggers described in Section 2.4.5. Where network connections
allowed, the data were downloaded each day from the loggers and ingested into the analytics
database. When network connections were either not available or failed, the field team made
efforts to retrieve all available data stored on the loggers through additional site visits, both to
download the data and to troubleshoot internet connection for devices that had gone offline.3®

The logger data reviewed using a combination of automated checks, visual QC, and cross-
checking data with customer reported usage from the field visit interviews. Obvious outliers (i.e.,
extreme high or low values) were flagged for review and removed.

36 Over the course of the metered period, about 120 revisits were conducted (about 30 visits higher than the 90
planned revisits). These revisits served to download locally stored data on loggers, troubleshoot and re-establish
internet connection for loggers that had gone offline, and collect additional field datapoints for the analysis, such as
airflow testing. In some instances, the onboard storage reached capacity prior to the revisit date, especially for
loggers with limited onboard storage. Onset MX1105 meters and eGauges have a maximum of 1 year of minute level
onboard data storage. Onset MX2302 meters have a smaller memory capacity and only have 22 days of onboard
storage for all the data channels collected as part of this study.
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Any gaps in logger timeseries data were not filled in. While imputing missing values would result
in more periods of usable data, the error introduced from the imputation would overshadow the
benefits of the increased sample size.

In cases where multiple meters were used to measure the same variable (e.g., two temperature
sensors on the supply side of an air handler), the values were averaged across the sensors to
arrive at a single estimate for each instant for each variable.
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Table 2-13 shows a summary of sites included in the heat pump usage and measure impacts
analysis, and a summary of the various site data cleaning steps and drop out points. After data
cleaning and QC, data from 175 sites was used to generate the heating season usage and
measure impacts savings and data from 169 sites was used to generate the cooling season
usage and measure impacts savings.®’

After meter installation, five participants requested that the meters be removed due to the
customer moving or for various reasons.

Six of the 185 sites had dnsufficient datag defined as having less than four weeks (28 days)
worth of usage data for the particular season (heating or cooling). Some of the reasons for
having limited usage data collection include:

T

T

Direct power loss at the eGauge due to customer inadvertently flipping the breaker on
the circuit that powers the eGauge (one site) or an electrician disconnecting the eGauge
in the electrical panel during an unrelated visit (one site).

Revisit or uninstall visit not completed in time for this report, due to customers being out
of town, homeowners moving and not alerting the study team, or other scheduling
constraints with the customers (four sites)

Prolonged periods of connectivity issues spanning longer than the onboard storage of
the meters

A manufacturer defect was discovered in a small portion (<1%) of the
temperature/humidity loggers, which caused the battery to die prematurely.

Other miscellaneous data issues also occurred, including:

T

Three sites were removed because the metered power data was determined to be
erroneous during the QC process.

One site used their ground source heat pump as a pool heater during the summer
season. This use case was deemed as atypical, and the summer season usage was
removed from the analysis rollup.

37 A 10% dropout rate was assumed for the metered usage sample in the initial study planning.
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Table 2-13. Usage Site Data QC and Resulting Sample

Data QC Step Heating Season Cooling Season
Sites Installed 185 185
Meters removed per participant request 5 5
Remammg sites eligible for usage 180 180
analysis

Insufficient Data (less than 28 days) 1 6
Miscellaneous Data Issue 4 5

Sites with Usage Data Included in 175 169

Analysis

Source: Evaluation team analysis

Table 2-14 provides a summary of the sites with available heat pump performance data and a
summary of the various site data cleaning steps and drop out points. After data cleaning and
QC, data from 60 sites (62 heat pump units) were used to generate the heating season
performance models and data from 66 sites were used to generate the cooling season
performance models.

After meter installation, three of the participants with heat pump performance metering
requested that the meters be removed due to the customer moving or for various reasons.

Next, units were removed from the performance analysis based on visual QC in cases where
there was not enough heat pump runtime to establish performance relationships with input
power and outdoor air temperature, either because the customer rarely used the unit in the
respective season or because of insufficient data.® The usage data from these sites were still
used for the usage and measure impacts rollup.

Additionally, data was removed for systems that were determined in the QC process to have
incorrect data, including the following cases:

1 Fan CFM curve outside reasonable ranged The airflow values calculated from the fan
current to fan CFM relationship were outside reasonable ranges based on the indoor unit
or air handler specifications. This includes sites that had only one CFM data point
collected at time of install, sites that had test values that appeared outside of range, and
sites for which the fan current loggers malfunctioned over the metered period.

1 Inaccurate supply or return temperature datad Readings from the temperature or
temperature/relative humidity sensors installed at either the return or supply airstream
were providing inaccurate readings that prevented calculating the enthalpy at one of the

38 Calculation of heat pump performance requires consistent and accurate data collection from the eGauge (heat
pump compressor power and fan power), and temperature and relative humidity loggers for both supply and return
airstreams. Sites with insufficient data were mainly caused by constraints with maintaining consistent internet
connectivity for all loggers (especially for MSHP units with multiple indoor heads, requiring consistent data collection
at all heads to include the unit in the analysis), limited onboard storage for the temperature loggers, and battery or
wiring failure in some units.
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airstreams. For some of these sites the temperature appeared out of range, and for
some others the participant moved the logger or probe over the metered period.

1 Compressor power outside of ranged Compressor power readings were flagged as
outside of reasonable range, possibly due to malfunction of the current transducers in
the electrical panel.

Table 2-14. Performance Site Data QC and Resulting Sample

Data QC Step Heating Season Cooling Season
Sites Installed 105 105
Meters removed per participant request 3 3

Candt perormanceerelationship i
customer did not use the heat pump in this 22 20
season, or insufficient data

Remaining sites eligible for performance

analysis 80 82
Fan CFM curve outside reasonable range 10 9
Inaccurate supply or return temperature data 6 5
Compressor power outside of range 4 2
Sites with heat pump performance data 60 66

included in analysis*

* System count for heating season, by stratum: CHP FD: 21, CHP PD: 9, MSHP FD: 20, MSHP PD: 4, GSHP: 9
(some homes have multiple systems metered)

Source: Evaluation team analysis

Certain steps in the analysis required additional data filtering due to methodological constraints,
as discussed in the appropriate sections.

2.5.2 Metered Heat Pump Performance

The performance, or efficiency, of a heat pump is defined as the ratio of the useful energy
produced to the energy consumedd that is: the ratio of the heating or cooling®® energy delivered
to the conditioned space over the electrical energy consumed by the heat pump compressor
and auxiliary systems.

3% As per mechanical engineering convention, both energy delivered to (heating) or removed from (cooling) the room
are consi de reredy fldvys am thtisiefficeericy is always positive.
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To calculate the energy consumed by the system, the power data from the compressor, air
handlers, and auxiliary heating (if any) was summed. For mini-split units, the power data for the
system at a single breaker at the panel for each system was captured. For central and ground
source heat pumps, the outdoor or underground units, air handlers, and auxiliary heat systems
associated with the unit were typically metered separately and aggregated at the minute level to
calculate the total system power for each minute.

The energy removed or delivered by the heat pump is a function of the change in enthalpy
across the air handler and the airflow, as described by Equation 1.

Equation 1. Energy Delivered by the Heat Pump
o %Zyoz,znzn&n pﬁxbzéc’x'Qd'Q
y Q0 o & QW0
wMidQ
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Measurements of the fan power were used to calculate the airflow. As discussed in Section
2.4.2, during site visits the relationship between fan power consumption and airflow production
was measured for as many performance-metered sites as possible. Whenever possible, at least
three data points were collected for each fan. Through ordinary least squares regression,
system-specific, exponential models (i f a n ¢ wereVitdasrélate the fan power to airflow.
Figure 2-10. shows airflow measurements and fan curve model fits at four example sites.
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Figure 2-10. Example Airflow Measurements and Approximate Fan Curves*
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*Three curves are shown for this MSHP example system, one for each indoor head.
Source: Evaluation team analysis

For air handlers in the performance-metered sample where field observations of the fan-curve
relationship could not be collected, data from a system with an identical heat pump model was
used, when available, or an average of curves from similar heat pump systems when no
identical model system was available.*°

The models were used to convert the metered fan power data to minute-interval estimates of
volumetric airflow. In cases where fan power could not be directly metered, fan current was
metered and converted to power using an assumption of constant 230V.

Volumetric airflow was converted to mass airflow using an assumed constant of 1.204 kg/m”3
(the density of air at 68°F).

40 Number of systems included in the performance analysis where a fan curve was generated from system-specific
data collection: 44 CHPs, 90 MSHPs, 12 GSHPs. Number mapped from analogous systems or system average
curves: 2 CHPs and 47 MSHPs.
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To calculate the enthalpy of the return and supply air streams, the temperature and relative
humidity sensors discussed in Section 2.4.3 were used along with standard psychrometric
formulas. Note that humidity only factors into the calculation during the cooling season when
moisture is removed from the air.

With estimates of the enthalpy of each airstream and the mass flow rate of the air through the
air handler, the differences of the enthalpies were multiplied by the airflow to arrive at minute-
level estimates of the heating and cooling energy delivered to each space by each air handler
as described in Equation 1. For heat pump systems with a single outdoor unit and multiple
indoor heads, the delivered energy across all heads was summed for each minute. For minutes
where there was insufficient data to calculate energy delivered for any of the heads, that minute
was dropped from the analysis for the purposes of performance estimates.

The outcome of this portion of the analysis was a new dataset consisting of estimates of energy
consumed and delivered or removed by each heat pump for each minute of the metered period
when complete data was available for the actual weather year. This dataset is referred to as the
fPerformance Datadin subsequent sections of this report.

To facilitate further filtering and aggregation, each observation was labeled in the Performance
Data with an estimate of the operational mode of the heat pump. These modes were not directly
observed, but rather, inferred based on the available data. The logic shown in Figure 2-11 was
used to assign these operational modes.

Figure 2-11. Heat Pump Operational Mode Assignment Decision Tree
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*Dehumidification mode is identified for periods of time in the cooling season where supply temperature is cooler than
return temperature, and in which the change in enthalpy shows heat added to the space.

Source: Evaluation team analysis
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2.5.3 Typical-Year Heat Pump Usage

To estimate typical-year heat pump usage and measure impacts, the metered heat pump usage
(power) data was converted to typical-year usage for each heat pump system. This process is
often referred to as weather-normalization. The high-level steps of the weather normalization
process are as follows:

1. Aggregate the minute-interval usage data to the hourly level.
2. Augment the data with temporal and weather variables from the metered year.

3. Model the relationship between heat pump usage and those explanatory variables for each
heat pump system.

4. Predict typical-year heat pump usage by using typical meteorological year weather data
(TMYx)*! and actual meteorological year (AMY) weather data for the past 15 years (for
seasonal peak demand) as inputs to the fit models.

2.5.3.1 Aggregate

When averaging the minute-level power data to hourly, any hours that did not have at least 45
minutes of usable data were dropped. This was done to ensure that each hour provided an
accurate average of the heat pump power consumption during that hour.

Additionally, the data was split into heating and cooling datasets for each heat pump. Modeling
the relationship between heat pump usage and weather separately for the heating and cooling
modes allows for better model fits and increased predictive accuracy with lower overall model
complexity.

The cooling-mode dataset was defined as all hours of data between June 15 and September 15
(summer) and any hours from April 1-June 14 and September 16-November 30 (shoulder)
where the outdoor air temperature was above 65°F. The remainder of the data was used to train
the heating-mode model. Note that these modes are defined completely by calendar day and
temperature. These modes, applied to the usage data, are independent from the modes
discussed as part of the Performance Data dataset.

A filter was implemented to ensure models were only fit for systems which had at least 672
hours (28 days) of data for each modeling mode. Some systems only had sufficient data in the
heating mode but not the cooling mode, or vice versa. Others did not have sufficient data for
either mode. The number of systems with sufficient data to train models for each mode can be
found in Table 2-13.

2.5.3.2 Augment

Actual meteorological year (AMY) weather data was retrieved from a sample of representative
weather stations across the study area: Worcester, Boston, Lawrence, New Bedford, Westfield

41 Typical Meteorological Year (TMYx) weather data are developed by Climate.OneBuilding.Org and use 15 years of
recent weather data from weather stations to generate a typical year weather file for that location. The TMYx weather
files select the median weather month for each month of the year over a recent 15-year period. The 2007-2021 period
was used for this study.
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(Massachusetts); and Hartford and Bridgeport (Connecticut). Each study site was matched to
the nearest weather station from the sample.

To allow for better model fits, heating and cooling base temperatures were assigned to each

system, and where appropriate, heating system switchover temperatures. These were assigned
basedonvisuali nspection of each heat pumpds heolatted ng and
against outdoor air temperature.

Using the AMY weather data, a set of weather- and time-based predictor variables were derived
for use in the models:

Variable-base heating degree hours (HDH) and cooling degree hours (CDH)

4-hour and 24-hour rolling average HDH and CDH

Normalized heat build up (NHBU) i composite of heat index over the past 72 hours.
Relative humidity

Hour of day

Day type (weekday vs weekend/holiday)

=A =4 =4 -4 =4 4 -

Season (heating, cooling, shoulder)

1 Switchover temperature (if identifiable) with flag for if data is above or below switchover
2.5.3.3 Model

The heating- and cooling-mode data was split into testing and training sets for each system and
used cross validation on the training set to try a variety of model formulations for each system,
including:

1 Polynomial terms of HDH/CDH, rolling average HDH/CDH, and NHBU
9 Interactions between HDH/CDH and Hour, Season

The best-fitting model for each mode for each system was chosen based on an aggregate error
metric that considers goodness of fit across all training data and within the peak periods,
specifically. The fit of the models was confirmed by performing visual inspection of the model
predictions across month, outdoor temperature, and hour of day, with a particular focus on
outdoor temperature (which is expected to be the primary driver of predicted kW). An example
usage model QC plot is shown in Figure 2-12.
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Figure 2-12. Example Usage Model QC Plot
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Once a model formulation was selected for each site and mode, the models were refit using the
complete data for that site and mode. These were the final, trained models used for the
prediction step.

2.5.3.4 Predict

For the final step in estimating typical-year heat pump usage, TMYx weather data was collected
from the same set of weather stations used for the AMY data. TMYx weather was used for the
2007-2021 period. The TMYx data was separated into heating and cooling modes using the
same process applied to the AMY data. These datasets were fed into the respective models and
the outputs were combined to produce complete, hourly (8760) TMYx heat pump usage (kW) for
all systems with complete heating and cooling data (or partial-year datasets for systems with
insufficient training data for one mode).

The team also used the models to predict the usage for the seasonal peak period using AMY
weather data. Historical ISO-NE system load data was used to determine the Summer and
Winter seasonal peak hours for each year, and the models were used to predict the heat pump
usage for these hours using AMY weather data from the past 15 years (Summer 2009-Winter
2023/24). The team then selected the year with the median usage (average kW/ton across all
systems) to use as the typical year for seasonal peak demand. For heating, the median year
was Winter 2019/20, and for cooling the median year was Summer 2013.

2.5.4 Typical-Year Heat Pump Production (Performance)
In contrast to the heat pump usage models, which describe heat pump energy used as a

function of temporal and meteorological variables, the heat pump performance models of this
section describe heat pump energy produced as a function of energy consumed. Where the
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goal of the usage models is to weather normalize the usage data (converting AMY usage to
TMY usage), the goal of these performance models is to estimate the heating and cooling
production of the heat pumps during a typical weather year.

Despite the difference in model formulation and use, the overall process of fitting the
performance models and predicting typical year heat pump production was largely the same.

2.5.4.1 Aggregate

Following the same process used for the usage-modeling, the minute-level, metered
Performance Data was aggregated to the hourly level, then filtered to remove hours without
sufficient minute-level data and split into heating and cooling modes based on outdoor
temperature. This resulted in a dataset of hourly average kW-consumed and Btu/h-produced for
each heat pump in the performance-metered sample of heat pump systems.

2.5.4.2 Augment

Following the same process used for the usage-modeling, AMY weather data from
representative weather stations was joined to the hourly Performance Data.

Using the AMY weather data, a set of weather- and time-based predictor variables relevant to
the performance models were derived:
1 Input power (kW per ton rated capacity)
Variable-base heating degree hours (HDH) and cooling degree hours (CDH)

1

1 Relative humidity

i Season (heating, cooling, shoulder)
1

Rated efficiency i Heating Seasonal Performance Factor (HSPF) for heating and
Seasonal Energy Efficiency Ratio (SEER) for cooling (used only in aggregate models,
see below for details)

2.5.4.3 Model

Following a similar process used for the usage-modeling, cross-validation was used to test a
variety of model formulations for each heat pump system for each mode, including:

1 Polynomial terms of input power and HDH/CDH

i Interactions between input power and HDH/CDH, Season, and Rated HSPF/SEER

A similar method was used to select the best model for each system. The fit of the models was
confirmed by performing visual inspection of the model predictions across month, outdoor
temperature, and input power, with a particular focus on input power (which is expected to be
the primary driver of predicted Btu/h). An example performance model QC plot is shown in
Figure 2-13.
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Figure 2-13. Example Performance Model QC Plot

Site 64412863 (FD) (Dec 16 2022 - Feb 01 2024)

HP OUT: Central HP-A (CHP) HP OUT: Central HP- A(LHP

8000
n=19 day
6000 |=94:9 days =14 days
°

s =9.1days 31dﬂ

@ n=14d

47day5
E
0 n=56da n=212 figtody

=240 df) Y —Mmys
. | sﬂ& h-
- 137 davs PETRERRE

Buioog

Average COP

Buneay
Bugea

S N R R U R N I N

n= 574
0 2 50 7% AllHours Peak Jan  Feb Mar Apr  May Jun  Jul  Aug Sep Oct  Nov
Outdoor Temperature (F) Time Period

HP OUT: Central HP-A (CHP) HP OUT: Central HP-A (CHP)
gl

3000 12000

8
8
8

2000

Bujoo)
BujooD

2
3
=]
8

1000

o

7500

—

Average Btu/h per Ton
(n metered hours shown when less than 20)
Average Btu/h per Ton

5000

Bujes
e @ o
g g 8
g 8 8
g8 8 8
Bugesr|

2500

-

0 25 50 75 00 05 1.0 15
Outdoor Temperature (F) Average kW per Ton

o

— Metered — Modeled [l Metered [l Modeied

Source: Evaluation team analysis

In a key deviation from the process used for the usage modeling, aggregate models of heat
pump performance were created for each heat pump type (in addition to the system-specific
performance models). These aggregate models were used to estimate the typical year heat
pump production for systems which did not have performance metering or for which the
performance data were insufficient.

2.5.4.4 Predict

After tuning and fitting the performance models using the metered performance data, the
predicted, typical year heat pump usage dataset (the output of the previous section) was used
along with the same TMYXx data previously used as inputs to the models to predict typical year
heat pump production. The result of this prediction was hourly estimates of Btu/h heating and
cooling production for each heat pump.

It is important to note that these typical-year estimates of heating and cooling production
represent the portion of the heating and cooling load met by the heat pump and are not
necessarily estimates of the total home heating and cooling loads, which may have been met by
other backup or auxiliary systems.
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Also note that while the models discussed in this section can be thoughtofas fAper f or mance
mo d e ih thai they relate energy inputs to energy outputs in the same way any other energy
efficiency or performance metrics might, it is important to keep in mind that these models are
trained on all available performance data from all operational modes and were tuned specifically
for the purpose of estimating the heating and cooling production of the heat pumps given
typical-year heat pump usage profiles as inputs. This contrasts with the Performance Results,
which in some cases filter the data to specific operational modes (e.g., excluding fan-only or
auxiliary heating modes). Although these models use the Performance Data dataset for training
and fitting, the outputs of these models were not used for the Performance Results discussed in
Section 3.2.

2.5.5 Typical-Year Baseline Usage

After estimating the typical-year heat pump production, the typical year baseline heating and
cooling system energy usage that would be necessary to match the typical-year heat pump
production was determined.

To estimate baseline energy usage, the modeled Btu/h output for the post-retrofit heat pumps
from the prior section was used to estimate the baseline electric and fuel consumption of
several baseline system types that would be needed to meet the same Btu/h output as the heat
pump.*?

The following data sources and assumptions were used to inform the baseline equipment
efficiency assumptions that Table 2-15 shows.

1 Existing unit efficiency values are sourced from the most recent Massachusetts
Residential Building Use and Equipment Characterization Study (RBUECS), updated in
2023." The existing unit efficiencies are the median unit efficiencies for all HVAC units
installed in the 2023 RBUECS onsite metering sample (n=269 sites in onsite sample).
The existing unit efficiency values are used for customers who indicate that they would
have left their existing HVAC system in place if they did not install the heat pump they
did.

1 New unit efficiency values are sourced from the Massachusetts RBUECS survey data
collection and subsequent characterization analysis and are the median efficiency
values for all units installed from 2020-2023. These efficiency values are used for
customers who indicate that they would have installed an alternative HVAC system if
they did not install the heat pump they did. Based on discussions with the
Massachusetts PAs, Connecticut EA Team, and EEAC consultants, new unit efficiencies
of 15 SEER and 8.8 HSPF for central heat pump based on current code minimum
values, and 17 SEER and 9.5 HSPF for mini-split heat pumps were assumed to estimate
typical standard efficiencies for mini-split heat pumps available on the market.

42 Note that the results of this typical-year baseline usage estimation step are estimates of baseline equipment

electric and fuel consumption needed to match the estimated production of the heat pump, which is not necessarily

equivalent to the whole-home heating and cooling load (especially in the case of partial displacement sites).

43 The Phase 7 RBUECS for Massachusetts has not been made publicly available at this time of this report

submission. The Phase 6 report is available on the MA Energy Efficiency Advisory Council webpage: Guidehouse

(2022). AMassachusetts Residenti al Buil di ng httgss/ma-eeacadrghgpg ui pment C|
content/uploads/Residential-Building-Use-and-Equipment-Characterization-Study-Comprehensive-Report-2022-03-

01.pdf
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Assumed derate factors were applied to the rated efficiencies for the purpose of modeling
estimated baseline equipment usage, as the situ efficiencies of HVAC equipment are typically
lower on average than rated equipment efficiencies. The following derate factors were applied to
estimate average derated efficiency:*

1 Furnaces: 5% derate for existing units, 0% derate for new units

9 Boilers: 10% derate for existing units, 5% derate for new units

1 Central and Mini-split heat pumps: 20% derate for existing and new units

Table 2-15. Baseline HVAC Unit Efficiency Assumptions*

13.0 SEER 10.4 SEER 15.0 SEER 12.0 SEER
Central AC 12.4 SEER2 9.9 SEER2 14.3 SEER2 11.4 SEER2
11.0 EER 8.8 EER 11.7 EER 9.4 EER
13.0 SEER 10.4 SEER 15.0 SEER 12.0 SEER
Central Heat 12.4 SEER?2 9.9 SEER2 14.3 SEER?2 11.4 SEER2
Pump 11.0 EER 8.8 EER 11.7 EER 9.4 EER
7.1 HSPF 5.7 HSPF 8.8 HSPF 7.0 HSPF
6.1 HSPF2 4.9 HSPF2 7.5 HSPF2 6.0 HSPF2
20.0 SEER 16.0 SEER 17.0 SEER 13.6 SEER
Mini-Split Heat 19.0 SEER?2 15.2 SEER?2 16.2 SEER2 13.0 SEER?2
PUMp 12.5 EER 10.0 EER 12.0 EER 9.6 EER
11.0 HSPF 8.8 HSPF 9.5 HSPF 7.6 HSPF
9.4 HSPF2 7.5 HSPF2 8.1 HSPF2 6.5 HSPF2
Ground Source 11.7 EER - 17.1 EER -
Heat Pump 2.96 COP 3.65 COP
Window AC 11.0 CEER 8.8 CEER 11.3 CEER 9.0 CEER
Gas Furnace 91.0% 86.5% 96.0% 96.0%
Propane 91.0% 86.5% 96.0% 96.0%
Furnace
Oil Furnace 85.0% 80.8% 86.2% 86.2%
Gas Boiler 83.1% 74.8% 95.0% 90.3%
Propane Boiler 83.1% 74.8% 95.0% 90.3%
Oil Boiler 85.0% 76.5% 86.2% 81.9%
Electric 3.41 HSPF 3.41 HSPF 3.41 HSPF 3.41 HSPF
Resistance

*SEER2 estimated as SEER/1.05, HSPF2 estimated as HSPF/1.17

** GSHPs lack rated seasonal efficiency metrics, so baseline usage was calculated by scaling post-retrofit GSHP
usage by the ratio of the rated EER/COP between the post-retrofit and baseline case (effectively assuming that the
in-situ efficiency derate was equivalent in both cases)

Source: Massachusetts Residential Building Use and Equipment Characterization Study (2023), evaluation team

analysis

44 Existing unit derate values for furnaces and boilers sourced from Robert Hendron (2006), fBuilding America
Performance Analysis Procedures for Existing Homes - Technical Report,ONREL/TP-550-38238.

https://www.nrel.gov/docs/fy060sti/38238.pdf. New unit derate values sourced from Cadmus (2015) ,HighiEfficiency
Heating Equipment Impact Evaluation, Brepared for the Electric and Gas Program Administrators of Massachusetts.
https://ma-eeac.org/wp-content/uploads/High-Efficiency-Heating-Equipment-Impact-Evaluation-Final-Report.pdf
Heat pump unit derate values are estimated based on the average ratio of in situ HSPF to rated HSPF as determined
through this study, presented in Section 3.5.
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The energy consumption for each baseline equipment type that would be needed to provide the
same heating and cooling Btu output as the program-rebated heat pumps at each site were
modeled. Afterward, a series of baseline equipment weights were applied to develop the
weighted average baseline heating and cooling consumption for each site in the usage sample.

To develop the baseline weights, a series of questions in the primary customer survey were
used to determine the baseline heating and cooling equipment type for each survey respondent.
The baseline HVAC system types are defined as the systems the customer would have installed
if they did not install the heat pump that they did. The customer could have either installed no
HVAC system, left their prior system installed, installed an alternative system, or indicate that
the installed heat pump was the only HVAC system considered.

The following survey response categories were used to assign the appropriate heating and
cooling baseline for each customer:#°

1 Pre-existing equipment typesd Thepre-e xi sting system type is
previous heating and cooling system types. For customers who indicated they had a
prior furnace or boiler, the survey asked whether the heat came out of ducts or radiators
(and provided a picture example of each type of heat distribution). For customers who
indicated their heat is supplied via radiators, the baseline heating system type was
assigned as a boiler, irrespective of whether the customer indicated they had a furnace
or a boiler. The opposite logic is applied to customers who indicated their heat came out
of ducts (the pre-existing heating system type is defined as a furnace).

9 Alternative actiond The alternative action defines what the customer would have
installed if they did not install the heat pump that they did. These alternative actions
include either taking no action (leaving the existing equipment in place) or installing an
alternative system type.

Using the responses to the survey questions, a heating and cooling baseline system type for

each unique respondent was assigned before averaging across all respondents to develop

baseline weights for each heat pump type. Table 2-16 provides the distribution of baseline

cooling equipment types by heat pump type from the customer survey. The no cooling baseline

(none) for customers who installed a mini-split heat pump is 52%, indicating that 52% customers

did not have pre-existing cooling in their space, and would not have installed an alternative
cooling system if they didndt i mveyt7@%dfallt he heat
customers who installed a mini-split heat pump did not have pre-existing cooling. Existing

central ACs are the most common baseline equipment type for customers who installed a CHP

or GSHP.

45 For customers who installed an MSHP, the customer is first asked which space type(s) they installed new heat
pump(s), and then a space type is chosen at random by the Qualtrics survey instrument. For the remainder of the
survey, the customer is asked to provide their response for the random space chosen by Qualtrics.
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Table 2-16. Baseline Cooling Equipment Types and Weights by Heat Pump Type

Existing Central Mini-Split Ground

or New Baseline Cooling Equipment Type Heat Pump  Heat Pump Source Heat

Unit (n=300) (n=246) Pump (n=62)
None 16% 52% 8%
Central air conditioning 37% 8% 31%
Central heat pump 2% 0% 2%

Existing S )

Unit Mini-split heat pump 0% 2% 0%
Room_, W|_ndow, or through the wall air 1% 13% 20
conditioning
Ground-source heat pump 0% 0% 11%
Central air conditioning 30% 10% 19%
Central heat pump 2% 0% 15%

New Unit Mini-split heat pump 6% 3% 7%
Room, Wl_ndow, or through the wall air 6% 13% 7%
conditioning

Total 100% 100% 100%

Source: Evaluation team analysis

Table 2-17 provides the distribution of baseline heating equipment types for each heat pump
type, as determined through the customer survey responses. Additionally, heating weights are
also broken out by the pre-existing heating fuel prior to installing the heat pump, as indicated for
each customer in the program tracking database.
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Table 2-17. Baseline Heating Equipment Types and Weights by Heat Pump Type and Pre-Existing Fuel Type
Central Heat Pump

Unit Baseline Heating Electric Gas (o]]] Propane Electric Gas Oil Propane Electric* Gas* (e]]] Propane*
Type Equipment Type (n=34) (n=96) (n=139) (n=28) (n=79) (n=53) (n=89) (n=13) (n=19)

CHP 21% 1% 0% 0% 1% 0% 0% 0% 21% 0% 0% 0%
MSHP 0% 0% 0% 0% 3% 0% 0% 6% 0% 0% 0% 0%
GSHP 0% 0% 0% 0% 0% 0% 0% 0% ‘ 0% 0% 0% 0%
Electric baseboard 21% 0% 0% 0% 58% 2% 0% 3% 21% 0% 0% 0%
Electric furnace 3% 0% 0% 0% 1% 2% 0% 3% 3% 0% 0% 0%
Existing Natural gas boiler 3% 17% 1% 0% 0% 49% 0% 0% 3% 5% 0% 0%
Unit Natural gas furnace 0% 49% 1% 7% 3% 26% 0% 3% 0% 47% 0% 0%
Oil boiler 12% 0% 25% 0% 4% 2% 42% 0% 12% 0% 16% 0%
Oil furnace 12% 1% 48% 4% 3% 0% 44% 3% 12% 0% 37% 0%
Propane/LPG boiler 3% 0% 0% 7% 0% 0% 1% 23% 3% 0% 0% 11%
Propane/LPG furnace 0% 0% 1% 54% 3% 0% 0% 26% 0% 0% 0% 42%
\s"t’g\?gsé‘:‘;ﬁégag 3% 1% 1% 0% 9% 0% 1% 9% 3% 0% 0% 0%
CHP 6% 5% 3% 7% 1% 2% 3% 0% 6% 32% 32% 32%
MSHP 6% 5% 6% 0% 1% 2% 0% 3% 6% 11% 11% 11%
GSHP 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Electric baseboard 0% 0% 0% 0% 4% 2% 0% 0% 0% 0% 0% 0%
Natural gas boiler 0% 0% 1% 0% 1% 6% 0% 3% 0% 0% 0% 0%
New Unit Natural gas furnace 3% 21% 2% 0% 1% 8% 2% 3% 3% 5% 0% 0%
Oil boiler 0% 0% 3% 0% 0% 0% 2% 0% 0% 0% 0% 0%
Oil furnace 3% 0% 6% 0% 5% 0% 2% 0% 3% 0% 5% 0%
Propane/LPG boiler 3% 0% 1% 0% 1% 0% 0% 6% 3% 0% 0% 0%
Propane/LPG furnace 3% 0% 2% 21% 1% 0% 0% 11% 3% 0% 0% 5%
Woodstove, pellet 0% 0% 0% 0% 0% 0% 2% 0% 0% 0% 0% 0%
stove, or fireplace
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

*Due to low sample, baseline weights for GSHPs with pre-existing oil were assigned to the gas and propane groups, adjusted for proportions of boilers/furnaces.
Baseline weights for GSHP with pre-existing electric resistance are assumed to be the same as those for central HPs with pre-existing electric resistance.
Source: Evaluation team analysis
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Based on discussions with the study sponsors, the study also sought to quantify measure
impacts assuming no heat pumps in the baseline assignment weights.

Table 2-18 provides the distribution of baseline cooling equipment types after the heat pump
baseline types are removed. The proportion of no cooling baseline was left the same, and the
weights for the other non-heat pump equipment types re-weighted to a total of 100% baseline
equipment type weight. These weights are used in the alternative scenario for measure impacts.

Table 2-18. Baseline Cooling Equipment Types and Weights by Heat Pump Type i Heat
Pump Weight Removed (Alternative Scenario)

Existing Central Mini-Split Ground

or New Baseline Cooling Equipment Type Heat Pump  Heat Pump Source Heat

Unit (n=300) (n=246) Pump (n=62)
None 16% 52% 8%
Central air conditioning 42% 9% 49%
Central heat pump 0% 0% 0%

lIEJ)r?i?tlng Mini-split heat pump 0% 0% 0%
Room., w[ndow, or through the wall air 20 14% 3%
conditioning
Ground-source heat pump 0% 0% 0%
Central air conditioning 34% 11% 31%
Central heat pump 0% 0% 0%

New Unit Mini-split heat pump 0% 0% 0%
Room_, W|_ndow, or through the wall air 7% 15% 10%
conditioning

Total 100% 100% 100%

Source: Evaluation team analysis

Table 2-19 provides the distribution of baseline heating equipment types after the heat pump
baseline types are removed. The weights for the non-heat pump equipment types were re-
weighted to a total of 100% baseline equipment type weight. These baseline weights are used
to explore an alternative scenario for measure impacts estimation; results are provided in
Section 6.
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Table 2-19. Baseline Heating Equipment Types and Weights by Heat Pump Type and Pre-Existing Fuel Type i Heat Pump
Weight Removed (Alternative Scenario)

Central Heat Pump Mini-Split Heat Pump Ground Source Heat Pump

Basgline Heating Electric Gas (o]]] Propan | Electric Gas (o]l Propane Electric* Gas* Qil Propane*
Equipment Type (n=34) (n=96) (n=139) e (n=28) (n=79) (n=53) (n=89) (n=13) (n=19)
CHP 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
MSHP 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
GSHP 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Electric baseboard 30% 0% 0% 0% 62% 2% 0% 3% 30% 0% 0% 0%
Electric furnace 4% 0% 0% 0% 1% 2% 0% 3% 4% 0% 0% 0%
Existing Natural gas boiler 4% 19% 1% 0% 0% 51% 0% 0% 4% 9% 0% 0%
Unit Natural gas furnace 0% 55% 1% 8% 3% 28% 0% 3% 0% 82% 0% 0%
Oil boiler 17% 0% 28% 0% 4% 2% 43% 0% 17% 0% 27% 0%
Oil furnace 17% 1% 53% 4% 3% 0% 45% 3% 17% 0% 64% 0%
Propane/LPG boiler 4% 0% 0% 8% 0% 0% 1% 25% 4% 0% 0% 18%
Propane/LPG furnace 0% 0% 1% 58% 3% 0% 0% 28% 0% 0% 0% 73%
ggfgsé?‘;ﬁéggfet 4% 1% 1% 0% 10% 0% 1% 9% 4% 0% 0% 0%
CHP 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
MSHP 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
GSHP 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
Electric baseboard 0% 0% 0% 0% 4% 2% 0% 0% 0% 0% 0% 0%
Natural gas boiler 0% 0% 2% 0% 1% 6% 0% 3% 0% 0% 0% 0%
ﬂﬁ:’t" Natural gas furnace 4% 24% 2% 0% 1% 8% 2% 3% 4% 9% 0% 0%
Oil boiler 0% 0% 3% 0% 0% 0% 2% 0% 0% 0% 0% 0%
Oil furnace 4% 0% 6% 0% 5% 0% 2% 0% 4% 0% 9% 0%
Propane/LPG boiler 4% 0% 1% 0% 1% 0% 0% 6% 4% 0% 0% 0%
Propane/LPG furnace 4% 0% 2% 23% 1% 0% 0% 13% 4% 0% 0% 9%
ggfgséfﬁégglfé 0% 0% 0% 0% 0% 0% 2% 0% 0% 0% 0% 0%
Total 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100% 100%

*Due to low sample, baseline weights for GSHPs with pre-existing oil were assigned to the gas and propane groups, adjusted for proportions of boilers/furnaces.
Baseline weights for GSHP with pre-existing electric resistance are assumed to be the same as those for central HPs with pre-existing electric resistance.

Source: Evaluation team analysis
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2.5.6 Seasonal Heat Pump Performance

The performance and usage models described in Sections 2.5.3 and 2.5.4 were used to
calculate the typical year heat pump usage and output at the system level. The operational
cooling seasonal efficiency, Season Energy Efficiency Ratio (SEER), was calculated by taking
the modeled cooling output of the heat pump over the TMYXx cooling season and dividing by the
total energy used in the cooling season. For this portion of the analysis the cooling season was
defined as June to September.

The heating seasonal efficiency, Heating Seasonal Performance Factor (HSPF) was calculated
by taking the modeled heating output of the heat pump over the TMYx heating season and
dividing by the total energy used in the heating season. For this portion of the analysis the
heating was defined as November through March.

Seasonal heat pump performance is compared to rated SEER/HSPF and SEER2/HSPF2. As of
January 1, 2023, the United States Department of Energy (DOE) updated the minimum energy
efficiencies standards for central and ductless heat pumps to use SEER2, EER2, and HSPF2 to
better represent real world performance. Due to changes in the test procedure, the new
versions of the metrics have a lower numerical value. The updated test method and can be
found in the Code of Federal regulations, Title 10, Chapter II, Subchapter D, Part 430, subpart
B, appendix M1.4¢

2.5.7 Measure Impacts

Measures are defined as the installation of a heat pump (central heat pump, mini-split heat
pump, ground source heat pump) to displace a pre-existing heating system using electric
resistance, fuel oil, propane, or natural gas fuel types.

As discussed in the prior section, the baseline heating or cooling systems are not necessarily
the customers pre-existing system type, but rather what the customer would have installed or
used to heat and cool theheatpumptheydid.f t hey didnot

To calculate measure impacts, typical-year heat pump usage was subtracted from the modeled
typical-year baseline usage. These measure impacts were calculated at the site level and then
aggregated to the stratum and measure level for various reporting outputs.

2.5.8 Heating Load Proportions

To determine the proportion of the heating load met by the heat pumps and backup heating
systems,*’ the modeled heating performance data was used to develop models of the home
heating load. Analysis was performed using data for all 169 sites that had usage data which
passed the QC checks and included 106 FD sites as well as 63 PD sites.

46 Code of Federal Regulations (2024). i A p p e Midto Subpart B of Part 4308 Uniform Test Method for Measuring
the Energy Consumption of Central Air Conditioners and Heat Pumps.ohttps://www.ecfr.gov/current/titie-10/chapter-
Il/subchapter-D/part-430/subpart-B/appendix-Appendix%20M1%20t0%20Subpart%20B%200f%20Part%20430

47 The secondary heating systems encompass both backup heat (boilers, furnaces, wood stoves, baseboard heating,
space heaters) and auxiliary heating (integrated electric resistance heating built into the air handler).
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Initially, average heat pump load was calculated by outdoor temperature, and the temperature
range for each site where the heat pump appeared to be meeting the entire home heating load
was determined via visual inspection (typically 35°F-50°F). A linear model was then fit for each
site using this subset of the data and the model was used to predict the load at colder
temperatures. Home heating load is expected to vary linearly with outdoor temperature in the
absence of changes to thermostat setpoint or occupancy, and thus a linear model can be used
to reasonably extrapolate the loads across temperatures.*®

An example site heating load model is shown in Figure 2-14, with the points representing
average heat pump load, and the line representing the modeled whole home load. The heat
pump appears to meet the heating load for this site down to roughly 42°F, below which point a
portion of the load is met by the backup heating system.

Figure 2-14. Example Site Heating Load Model with Backup Heating
Site 18399837
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Source: Evaluation team analysis
Next, the heat pump and auxiliary electric heat loads were used with the modeled total home

load to calculate the proportion of the load met by heat pumps and auxiliary heat for each
temperature at each site, and the remaining proportion was assigned to other backup systems.

48 This method assumes a constant thermostat setpoint, and thus there is some error introduced in cases where the
site implements a nighttime setback.
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The next step was to perform QC checks on the site-level results. Several cases were identified
in which this method did not produce accurate results, and these sites were removed from the
analysis:

9 Sites where the heat pump never appeared to meet the full load, based on the metered
backup systems data (6 sites)

9 Sites that were identified as full displacement of a partial home (10 sites)

In both of these cases it was not possible to estimate the total home heating load, and so this
method was not appropriate for determining load proportions.

Additionally, in cases of full displacement installations where the backup systems data and the
customer survey responses indicated no backup system usage (or no backup system installed),
the load proportion for other systems was set to 0 and the load was split proportionally between
heat pump and auxiliary heat. For these sites, it was assumed that any backup heating load
shown was due to inaccuracies in the models (e.g., due to the presence of a nighttime setback)
rather than backup heating usage.

For a small subset of sites, the models indicated that the proportion of the load met by the heat
pump dropped at high temperatures, which is most likely due to the limitations of the model*°,
rather than actual backup heat usage at high temperatures. For these sites, the modeled result
was adjusted by not allowing the heat pump load proportion to drop at temperatures above
40°F, replacing it with the load proportion from the next coldest temperature bin in cases where
it did.

After these adjustments were performed, the site-level load proportions were averaged across
sites to determine the average load proportions by temperature bin for each heat pump type and
displacement type.

Lastly, typical year seasonal load proportions met by each system type were derived for each

site. The load proportions were summarized across the heating season for each site by taking a
weighted average, weighting by the total site load in each temperature bin. Finally, the seasonal
load proportions for each site were averaged across sites by heat pump type and displacement

type.

4% This could be explained by the site using their heating system intermittently or with a different setpoint at higher
temperatures during the shoulder season, which would result in the effective home load being lower on average at
high temperatures.
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3. Heat Pump PeRésumthsmce

This section provides heat pump performance results, including seasonal performance metrics,
heat pump performance and efficiency by outdoor air temperature, and performance at the
lowest outdoor air temperatures during the metering period.

Key Findings Across Performance Analysis:

9 Across all full displacement units, the average heating COPs for CHPs ranged from 2.0
to 3.5 across the outdoor air temperature range, and the cooling COPs ranged from 4.0
to 5.1. MSHP COPs ranged from 2.0 to 3.0 and the cooling COPs ranged from 5.1 to 6.1
across the outdoor air temperature range. The COPs discussed in this section are
calculated when the system is either cooling or heating with the compressor. Energy
from auxiliary heating and defrost mode operation was not included in the operational
COP calculations.

9 GSHPs had a stable COP around 3.0 across the entire heating season and a stable
COP around 4.0 across the entire cooling season.

1 Many of the metered heat pumps were able to maintain heat delivery during the cold
shap on February 3-4, 2023. For heat pump units that operated below 5°F, system level
average COP for compressor-on operation varied between 1.6 and 2.3 for CHPs, and
1.8 and 2.0 for MSHPs across the -10°F to 5°F temperature range.

1 Of sites with CHPs, 35% had auxiliary electric resistance heating installed. Of these
sites, 76% used any auxiliary heating during the metered period, and 43% used auxiliary
heatingunder 15°Ft o meet at | east 25% of the homeds

1 Of sites with GSHPs, 86% had auxiliary electric resistance heating installed. Only 1 of 19
GSHP sites used auxiliary heat during the metered period.

1 Weather normalized seasonal efficiency values (HSPF and SEER) were typically lower
than rated efficiency metrics (HSPF and SEER/SEER2). Seasonal efficiency values
were in line with rated HSPF2 on average.

3.1 Average Operational COP

Figure 3-1 shows the distribution of heat pump system average COP during compressor-on
periods across heating and cooling periods by heat pump type and displacement type. Average
compressor-on COPs for CHP and MSHP equipment are between 2.0 and 3.0, and for GSHP
equipment, slightly above 3.0. Cooling season COPs show wider variation and generally fall
between 3.5 and 5.0 (MSHP partial displacement stratum average is 6.0 COP, however with low
sample size).
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Figure 3-1. Distribution of Operational COP (for Periods Where the Compressor is On)
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Note: This plot shows compressor-on operation from the metering period. Systems with less than 20 hours of heating
or cooling operation are not included in this plot. The box and whisker plots show the mean value as a solid vertical
line in the boxes. The boxes show the interquartile range between 25% and 75% of observed values, and the lines
outside of the box show the remaining distribution of the values for the respective stratum. Outliers are shown as
individual points.

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis

3.2 Performance by Temperature

This section outlines heat pump performance as a function of outdoor air temperature. Analysis
results are shown in Figure 3-2, demonstrating that:

1 Both CHPs and MSHPs exhibit outdoor air temperature dependent performance. As
expected, system heating COP is higher during warmer portions of the winter season
and the system cooling COP is higher during cooler portions of the summer season.

1 Across all full displacement units, the average heating COPs for CHPs ranged from 2.0
to 3.5 across the outdoor air temperature range, and the cooling COPs ranged from 4.0
to 5.1. MSHP COPs ranged from 2.0 to 3.0 and the cooling COPs ranged from 5.1 t0 6.1
across the outdoor air temperature range.

1 GSHPs have a stable COP around 3.0 across the entire heating season and a stable
COP around 4.0 across the entire cooling season. As expected, GSHP COPs show less
outdoor air temperature dependence than air source heat pump type, because the
temperature of the ground is more stable across the seasons.
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The COP was calculated for heat pumps at sites with sufficient performance data. Using the
methodology described in Section 2.5.2, periods when the heat pump systems were heating or
cooling were identified, and the energy removed or delivered to the indoor space was
calculated. This portion of the analysis only includes periods of time where the compressor was
in operation. Weather station data from the metering period was used to summarize data into 5-
degree temperature bins.

The operational COP shown in Figure 3-2 was estimated by first calculating the production-
weighted COP for each heat pump system for each five-degree temperature bin. Production-
weighted COP is the sum of all energy produced in a temperature bin divided by all energy
consumed in that temperature bin.

Then, the mean, twenty-fifth, and seventy-fifth percentiles of the system-specific COPs were
calculated for each temperature bin. The black line in Figure 3-2 is the mean COP across all
systems. The shaded ribbon is the interquartile range (IQR)d showing the range between the
25" and 75" percentile of units. Because not all heat pumps had data available for all
temperature bins, the sample size represented by the summary statistics for each temperature
bin varies over the range of temperatures. The width of the IQR is a useful proxy for the range
of system-level estimates. The sample sizes included in the captions of the figure highlight the
maximum numbers of units with data at a single temperature bin for the respective strata. The
figure was generated in this way because not all sites experienced the same range of outdoor
temperatures and the usage patterns for each site were different. The sample sizes presented
in the plot are representative for the majority of temperature bins, but there was some drop off at
the low and high ends of each curve.
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Figure 3-2. Heat Pump COP vs. Outdoor Air Temperature
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The evaluation team did not observe PD GSHP sites during the metering period. Note: This plot shows compressor-

on operation from the metering period and is not weather normalized. Compressor-on operation does not include

periods of time where the unit is in defrost mode, when the unitis operatinginfan-onl 'y mode, or the unit
Seasonal efficiencies for CHPs and MSHPs include all of these operating modes, which has a negative impact on the

efficiency value. GSHPs do not need a defrost mode, so their seasonal efficiencies are impacted less.

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis
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3.3 Heating and Cooling Btu Output by Temperature During
Compressor-On Periods

In addition to the COPs, the average heating and cooling output per ton for each stratum was
also calculated. The heating and cooling output were calculated during compressor-on periods
only and is therefore the average Btu/h output during the compressor-on periods in each
temperature bins. This analysis did not summarize the total Btu delivered by the system in the
temperature bin, which would multiply the average Btu/h delivered by the unit runtime. The
results in Figure 3-3 show that:

9 Across the metered period, the average Btu/h during times when the compressor was on
did not show significant temperature dependence for FD CHP and GSHP systems,
except for FD CHPs where the Btu/h declined at higher temperatures.

1 Average Btu/h output during compressor operation for PD MSHPs remained relatively
flat as temperature decreased. MSHPs are often installed to serve parts of homes or
specific rooms, so there is not as clear of a drop-off in output with temperature. These
systems can be toggled on and off as needed.

1 FD MSHPs are the only system that show a significant change in average heating output
with a change in temperature. Many MSHPs in the sample are multi-zone systems,
which operate a subset of indoor heads depending on customer behavior and needs.%°
These systems are operating with multiple thermostats, thus have the ability to control
different spaces to differing setpoints. At higher temperatures, only 1 or 2 heads in main
living spaces may be on, but at lower temperatures, all heads might be on in both main
living spaces and secondary spaces, such as bedrooms. This would cause a much
higher Btu/h output at the lowest temperatures. The average number of indoor heads per
MSHP outdoor unit in the metered sample was 2.54, and the maximum indoor units
attached to one outdoor unit was 6.

The energy produced by the system at the minute level was calculated for each temperature
bin, then the energy produced was normalized by the rated tonnage of each system and divided
by the number of hours of data in that temperature bin to generate a normalized output for each
temperature bin for each system. Like the COP curves, Figure 3-3 shows the mean, twenty-fifth,
and seventy-fifth percentiles of the system-specific average outputs for each temperature bin.
The black line is the mean across systems. The shaded ribbon is the interquartile range (IQR).

50 In the metered sample, the average number of indoor heads for every outdoor unit for multi-split MSHP systems
was 3.1.
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Figure 3-3. Btu/h Output vs. Outdoor Air Temperature During Time of Compressor-On

Operation
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Note: This plot shows average Btu/h delivered during time periods of compressor-on operation, using the metered
data

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis
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3.4 Cold Temperature Performance

This section details heat pump operational performance in the coldest outdoor air temperatures,
using data available from 18 sites. The results in this section provide compressor-on COPs and
do not include the impacts of auxiliary heating or periods of time when the unit is in defrost
mode. Friday and Saturday, February 3 and 4™, 2023, were the only days in the study
metering period with temperatures below 0°F. Temperatures on those days dropped to as low
as -12°F. Figure 3-4 shows the average performance of four CHP and 14 MSHP units during
this temperature range. These results show that:

9 For those sites with heat pumps operating in heating mode (compressor-on, no defrost,
no auxiliary heat) below 5°F, average system-level COP varied between 1.6 and 2.3 for
CHPs, and 1.8 and 2.0 for MSHPs within this outdoor air temperature range. However,
multiple sites began to use backup or auxiliary heating at these low temperatures.
Findings for auxiliary heat usage are detailed in Section 3.4.1, and for backup heating
systems in Section 4.3.

Figure 3-4. Heat Pump Performance below 5°F (Heating Mode Only)
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Note: This plot shows compressor-on operation using metered data. Compressor-on operation does not include

periods of time where the unit is in defrost mode, when the unitis operatinginfan-onl y mode, or the unit i

Seasonal efficiencies for CHPs and MSHPs include all of these operating modes, which has a negative impact on the
efficiency value.

Source: Evaluation team analysis
3.4.1 Auxiliary Strip Heat Usage

Some heat pumps are installed with electric resistance elements that are used to supplement
heat pump heating at colder temperatures (auxiliary heating). This section summarizes auxiliary
usage for the sites included in the fiusage
monitoring. There are a higher number of sites in the usage sample than the performance
sample, as outlined in Section 2.5.1. Of the sites in the usage sample, there were 21 CHPs, 19
GSHPs, and one MSHP with auxiliary electric resistance heating installed and metered. The
study looked at the proportion of the heating load met by the heat pump vs. the auxiliary electric
heating.
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From Figure 3-5 and Figure 3-6 and comparing with the total number of usage sites with data
collection available from the onsite sample, we find that:

1 21 out of 60 (35%) of CHP sites had auxiliary heating installed. Of those 21 with auxiliary
heating, 16 (76%) used their auxiliary heating during the metered period. Nine of the 21
sites (43%) had periods of time below 10°F-15°F where over 25% of the heat load was
provided by auxiliary heating.

1 19 out of 22 (86%) of GSHP sites in the usage sample had auxiliary heating installed.
Only one site (5.3%) showed any usage of the auxiliary heating during the metered
period.

1 One out of 71 (1.4%) MSHP usage sites had auxiliary heating installed, but it was not
used.*!

Figure 3-5. Auxiliary Heat Use vs. Outdoor Air Temperature - CHP Sites
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Note: This plot shows compressor and auxiliary heating operation using actual meteorological year data. Some sites
had data collection during Winter 2022-2023 with outdoor air temperatures below 0°F, other sites only captured data
during Winter 2023-2024 where temperatures only dropped to ~15°F.

Source: Evaluation team analysis

51 While these sites are categorized as MSHP in the program data, they are twin/combo systems, with both a MSHP
and a CHP with an air handling unit.
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Figure 3-6. Auxiliary Heat Use vs. Outdoor Air Temperature - GSHP Sites
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Note: This plot shows compressor and auxiliary heating operation using actual meteorological year data. Some sites
had data collection during Winter 2022-2023 with outdoor air temperatures below 0°F, other sites only captured data
during Winter 2023-2024 where the lowest temperatures observed were approximately 15°F.

Source: Evaluation team analysis
3.5 Seasonal Performance

Unlike the COPs discussed in Section 3.2, which only considered compressor-on performance,
the operational seasonal efficiency metrics shown in the Table 3-1 and Table 3-2 below account
for all energy consumed and produced by the systems across all modes of operation.5? Table
3-1 and Table 3-2 show the modeled operational seasonal efficiencies compared to the
manufacturer rated HSPF and SEER, respectively. The values in the table are shown as simple
averages of the systems included in each stratum. For the methodology used, reference Section
2.5.6.

52 Seasonal efficiencies include all heat pump consumption across all modes of operation, including heating, cooling,
fan only, defrost, standby, dehumidification, and integrated auxiliary electric heat.

Page 72



. Massachusetts and Connecticut
‘ Guidehouse Heat Pump Metering Study

Key findings include:
1 For CHPs, the in-situ HSPF was generally lower than rated HSPF>3 but equal to or
higher than HSPF2.

In situ MSHP HSPF was lower than both HSPF and HSPF2 ratings.

Across CHP and MSHP, the in-situ SEER was lower than both the rated SEER and
SEER2.

1 The GSHP in situ HSPF (10.2) was higher than CHP or MSHP while modeled SEER
(11.7) was lower.>

Table 3-1. Heating Seasonal Performance Results vs. Rated

Average Average

Average Average Rated Rated Systems

Displacement ™, "qii,”  Rated

Scenario Region IV Region V Included (n)

HSPE HSPF lSPFar  HsPFr

FD 858 102 8.9 6.8 44
Central Heat PD 83 101 88 6.7 39
Pump
CHP
oot 87 102 8.9 6.7 83
FD 91 10.9 10.0 77 69
Mini-Split PD 95 11.3 10.3 7.9 44
Heat Pump
MSHP
conSH® 93 111 101 78 113

*Region IV HSPF2 values that were missing from manufacturer documentation were estimated as HSPF/1.17.
Missing Region V HSPF2 values were estimated based on the relationship of Region IV HSPF2 to Region V HSPF2
for similar unit types.

The Western portion of MA and the Central/North region of CT are considered Region V in the AHRI test procedure.
The Coastal portion of CT and MA are Region IV, along with the western portion of CT.

Note: The seasonal efficiency values in this table include all modes of operation (including fan-only operation) and
are weather normalized.

Based on full metered sample and program data designation of displacement type

Source: Evaluation team analysis

53 Standard heat pump rating conditions are defined in AHRI Standard 210. Rated HSPF is calculated using weighting
factors to reflect seasonal operation across a range of temperatures. Rating conditions have changed between HSPF
and HSPF2 and there are also different weighting factors used for different regions. The results here show the
metered in field performance compared to various equipment ratings.

54 Ground source heat pump efficiencies are not listed in Table 3-1 or Table 3-2. GHSPs are not covered by the same
rating metrics as CHP and MSHP, and thus it is not possible to make the same comparison with in-situ seasonal
efficiency. Instead of seasonal performance efficiencies, GSHP heating and cooling performances are rated with
COP for heating and energy efficiency ratio (EER) for cooling.
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Table 3-2. Cooling Seasonal Performance Results vs. Rated

System Displacement Avergge Average Average Systems
Type Scenario In Situ Rated SEER Rated included (n)
yp SEER SEER2*
FD 15.2 18.7 17.8 44
Central
Heat PD 14.3 18.4 17.6 36
Pump
CHP
Combined 14.8 18.6 17.7 80
FD 18.7 20.2 20.2 64
Mini-Split
Heat PD 19.3 20.6 20.6 44
Pump
MSHP 18.9 20.4 20.4 108
Combined

*SEER?2 values that were missing from manufacturer documentation were estimated as SEER/1.05.
Note: The seasonal efficiency values in this table include all modes of operation and are weather normalized

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis

Manufacturer rated seasonal efficiencies for central and mini-split heat pumps are generated
using lab tested measurements at a variety of test conditions to mimic real word performance.
However, these procedures may not match the conditions found in actual field operation.
Factors that potentially contribute to these differences between modeled efficiency and
manufacturer rated efficiency include:

)l
)l
)l
)l

Amount of time spent in defrost and fan-only modes
Short cycling at low loads
Variation in user operational profiles

Condenser installation details (e.g., direct sun, impeded airflow, soiling on heat
exchangers, etc.)

Potential maintenance issues, such as low refrigerant charge, dirty air filters, or other
installation issues

Differences in the annual temperature profile between actual year and assumptions for
the climate region IV and region V HSPF2 and SEER2 calculations.

Manufacturer reported HSPF2 values are also dependent on the region used to
calculate the building load. The standard HSPF2 value for central and MSHPs are based
on climate region IV.
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1 Manufacturer rated efficiencies for ground source heat pumps are generated using lab
tested measurements at single point test conditions. The modeled efficiency in this study
includes all modes of operation and is weather normalized.

91 Increased fan power from in situ static pressure characteristics. Manufacturer efficiency
ratings for ground source heat pumps are generated by testing with no external static
pressure. The correction factor to account for this underestimates fan power by 50%.

1 Average pump power and runtimes were higher than expected for GSHPs. This may be
caused by a relatively low average ground loop temperature delta observed in the
metered data (ranged between 2°F-6°F), which may lead to higher runtimes and low
rates to generate the required heat transfer for these systems.
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4. Heat Pump and Backup System Usage

This section provides results for heat pump and backup system usage, heat pump peak
demand, and backup system controls. In this report, backup system (or fsecondary systemg is
used to refer to separate conditioning systems independent from the heat pump. This includes
systems like boilers, furnaces, wood stoves, baseboard heating, and space heaters. Integrated,
auxiliary heating (i.e., electric resistance strip heat) is treated separately.

4.1 Heat Pump Usage

This section provides results for the heat pump usage analysis, including average usage at the
stratum level (heat pump type and displacement type), and observations of heat pump usage
across sites in the metered sample.*®

Key Findings:
Full Displacement Sites

Many customers with FD installs used their heat pumps less than anticipated, including many
sites that used backup heating systems to meet part of the heating loads for the home. Figure
4-1 shows a summary of the program data displacement categorization and the field-verified
displacement categorization for sites across the metered sample, including observations of
usage of backup heating systems. Forty-eight of 114 sites (42%) FD sites appear to use backup
heat for at least a portion of the heating loads, leading to about 1-9% of heating season load
being met by backup heating systems across all FD sites (about 86% of heating load is met by
the heat pump in FD installations for CHP, 92% for MSHP, and 99% for GSHP). Remaining load
is met by auxiliary electric heat i 4% for CHP FD, and 1% for MSHP FD.

55 In this report section, the full displacement and partial displacement classification is based on the measure names
for each sampled customer from the program tracking databases in Massachusetts and Connecticut (based on the
2021-2022 measure naming convention and program requirements)..
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Figure 4-1. Program Data vs. Verified Displacement Type Across Metered Sample
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Source: Evaluation team analysis
Partial Displacement Sites

The team cross referenced multiple survey response and metered data. Several customers with
PD installs used their heat pumps less than anticipated within the zones they were intended to
condition. As a result of the on-site data analysis, the team found that the seven sites with the
lowest heating usage are all sites where the heat pump is used either mostly or fully for cooling
only. The reasons for this differ from setting very high switchover temperatures for heating, to
the customer being concerned about high electricity costs, to the heat pump only being
purchased with the intent of using it for cooling.

There is wide variability in heat pump usage between sites, even when normalizing usage per
ton of installed heat pump cooling capacity. Beyond the findings provided above, there does not
appear to be a common theme for low-usage homes between heat pump type, home size, age
of home, thermostat setpoint, occupancy, or weatherization status.

Stratum-level HP usage is provided in Section 4.1.1, and site-specific usage findings are
included in Section 4.1.2 below.
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4.1.1 Heat Pump Usage by Stratum

Table 4-1 shows the average heat pump usage per home by stratum, while Table 4-2 shows
average heat pump usage normalized per ton by stratum. Those who installed CHPs and
MSHPs for FD had the highest electric usage when normalized by rated cooling tonnage.
However, those who installed GSHPs had the highest annual electric usage for the whole home,
since those systems had considerably higher rated tonnage, and were typically sized to meet
the whole home load while CHPs and MSHPs relied on integrated electric auxiliary heat and
backup heating systems. PD installations had lower annual electric usage, as expected.

Table 4-1. Average Heat Pump Usage (Per Home)

Average Average Average
Heati 9 Heating  Average Relative Heat Average
. eating - Average L
Displace Season Cooling Precision Pump Home
Season Annual - Tons/
ment Usage Season (o]] Capacity  Square
S . Usage i, Usage 1,000 SF
cenario Total Auxiliary Usage (kwh) Annual Per Footage
(kwh) Heat (kwh) Usage** Home (SF)
(kwWh)* (Tons)
Central FD 5,608 677 1,051 6,659 13% 3.73 2,022 1.85
Heat
Pump PD 4,266 129 1,152 5,418 18% 4.45 2,710 1.64
Mini-Split FD 5,040 0 781 5,820 16% 3.49 1,793 1.94
Heat
Pump PD 3,219 0 711 3,931 22% 3.02 1,876 1.61
Ground
ag‘;;ce FD 7,060 20 1,358 8,417 15% 6.03 2,831 2.13
Pump

Note: different strata have different average home sizes
*Auxiliary electric heating usage is a subset of the total heating season usage
**Relative precision calculated at the 90% confidence interval, two-tailed

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis
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Table 4-2. Average Heat Pump Usage (Per Ton)

Average

Average Heatin Average Average
. ag 9 ag Average Relative Heat Pump
Displacem Heating Season Cooling - .
Annual Precision Capacity
System Type ent Season Usage Season
. . Usage on Annual Per Home
Scenario Usage Auxiliary Usage (kWh) Usage** (Tons)
Total (kWh) (kWh) 9
FD 1,543 173 282 1,825 12% 3.73
Central Heat
Pump
PD 1,014 38 294 1,308 17% 4.45
FD 1,498 0 238 1,736 14% 3.49
Mini-Split Heat
Pump
PD 1,193 0 231 1,424 19% 3.02
Ground Source 0
Heat Pump FD 1,193 3 216 1,409 13% 6.03

*Auxiliary electric heating usage is a subset of the total heating season usage
**Relative precision calculated at the 90% confidence interval, two-tailed

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis

4.1.2 Heat Pump Usage by Site

The data collected from each site was carefully reviewed to understand the drivers for lower or
higher than anticipated usage. This included cross-examination of the site-specific usage and

performance model results, customer primary survey, end of season survey and fast feedback
interview responses, as well as data collected by the field team during install visits and revisits.

Figure 4-2, Figure 4-3, and Figure 4-4 show the post-retrofit heat pump usage normalized per
ton of cooling capacity. The dashed line shows the average kWh/ton per stratum. Post-retrofit
heat pump usage varies widely across the metered sample.

The team characterized drivers for low usage sites based on review of the site-specific data.
While this list is not exhaustive of all sites with these potential drivers, the team identified sites
with clear drivers along the categories below:

1 Mostly cooling (blue dot)d The four lowest usage PD CHP sites and the two lowest
usage PD MSHP sites use the heat pump mainly for cooling with little-to-no heating. In
these sites, the heat pump is used mainly for cooling with little-to-no heating usage.

1 High switchover temperatures or manual override (orange dot)d Eight of the low
usage sites, mostly PD, were identified as having very high switchover temperatures, of
40-45°F. Three of these sites were categorized as FD in the program data (one for CHP,
two for MSHP). On some PD sites, customers indicated that they manually turn the
system on/off whenever heat is needed.

1 Partial home (purple dot)d Some heat pumps were identified as serving only part of a
home, including spaces that are not continually occupied during the day, such as
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basements, sunrooms, or bedrooms. The team identified 16 sites (10 FD and 6 PD)
where the HP served partial homes.

91 Displacement category (red dot)d 15 FD sites appear to operate as PD. Of these
sites, five are identified to only serve part of the home. These sites identified as having
PD operation but were identified as FD in the program data. These sites had backup
system usage.

1 Customer reporting various issue with heating season comfort (black star)d
Seven customers, with varying levels of usage (from low to high), reported some issues
with their heat pump keeping them comfortable at colder outdoor air temperatures. One
FD customer re-connected their previously disconnected backup heating system.

Below are some verbatim responses from these customers. One common theme that emerged
from several customer responses is the fact that they wish they had opted for a heat pump
model that was designed to support higher output capacity in low outdoor air temperatures.
These heat pumps were installed in 2021/2022, and program guidelines have since changed in
recent years (2023/2024) requiring installation of units with higher low temperature output
capacity relative to the rated output capacity. This change may reduce the issue in future
program years. Only two (17625776 and 72205392) of the seven sites listed below had Energy
Star v6.1 rated cold climate heat pumps installed.>® Both sites had minimal-to-no heat pump
usage data below 30 degrees. Due to the lack of data at low temperatures at these two sites, it
is difficult to verify whether the systems were in fact not performing well.

f 11785516 (CHP,FD)o il t 6s very inefficient when temperat

F. o

1 17625776 (CHP,FD)d i We have t o keep drderforintonosren alcthel der

time. The costs are significantly higher than we expected. We also believe the seller sold
us a unit that was too small for our houseo

1 30700252 (MSHP, FD)d ANe, unfortunately didn't purchase the "hyper-heat" system b/c
we were primarily concerned about coolingé During cold periods, the system isn't as
able to maintain the heat/temperature throughout all 3 floors of our condo. So we're just
using the split system (heat pump) to cool our small finished basement area and our 1st
(main floor). We're using the standard electric baseboard heat on the 2nd level, b/c we
have a pretty big space in our master bedroom (it has a loft within it). 0

I 59919510 (MSHP, FD)d My heat pump was significantly undersized, perhaps because
the first floor is open to some space on the second floor, perhaps just because it was

poorly designedé Not strong enough to heat the house.
1 67532943 (CHP,FD)d i No Heat when b eCustamerktateddhatgheyeree s 0

hooked up their existing oil boiler to supplement their heat pump.

1 72205392 (MSHP,FD)d i They donét provide enough heato
n

that wor k i a | ower tempo

1 89492022 (CHP,FD)d i Somet i mes it doesndt work as

56 Exact criteria for Energy Star v6.1 Cold Climate designation is provided here:
https://www.energystar.gov/sites/default/files/asset/document/ENERGY%20STAR%20Version%206.1%20Central%2
0Air%20Conditioner%20and%20Heat%20Pump%20Final%20Specification%20%28Rev.%20January%20%202022%
29.pdf

Page 80

r


https://www.energystar.gov/sites/default/files/asset/document/ENERGY%20STAR%20Version%206.1%20Central%20Air%20Conditioner%20and%20Heat%20Pump%20Final%20Specification%20%28Rev.%20January%20%202022%29.pdf
https://www.energystar.gov/sites/default/files/asset/document/ENERGY%20STAR%20Version%206.1%20Central%20Air%20Conditioner%20and%20Heat%20Pump%20Final%20Specification%20%28Rev.%20January%20%202022%29.pdf
https://www.energystar.gov/sites/default/files/asset/document/ENERGY%20STAR%20Version%206.1%20Central%20Air%20Conditioner%20and%20Heat%20Pump%20Final%20Specification%20%28Rev.%20January%20%202022%29.pdf

. Massachusetts and Connecticut
‘ Guidehouse Heat Pump Metering Study

Figure 4-2. CHP Post-Retrofit Usage Per Ton
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Figure 4-3. MSHP Post-Retrofit Usage Per Ton
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Figure 4-4. GSHP Post-Retrofit Usage Per Ton
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Heat pumps serving partial homes is a common occurrence, as Figure 4-5 shows.” For FD
installations, customers note that their heat pump serves their entire home for 89% of CHP

57 This figure displays customer responses from the primary customer survey, which was fielded to all program
participants, not just the metered sample. Primary customer survey plots show responses from customers who
installed fuel displacement heat pumps in 2021 and 2022 for CT, and only in 2022 for MA.
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installations, 75% of MSHP installations, and 84% of GSHP installations. As expected, a smaller
proportion of PD installations serve the entire home.

Figure 4-5. Areas of Home Served by Heat Pump

What space(s) does your new heat pump serve?

Full Displacement (n = 617) Partial Displacement (n = 641)
Sunroomor | 3% Sunroom or [ 4o,
Three-Season | 1% Three-Season I S
Space | 08% Space M %%
6% 0%
Other = 2% Other b
N2 B s
Main Living e % Main Living 59%
Spaces 10 spaces [NNEG 25
. 84% ) 33%
Entire Home 75% Entire Home
[ I,
1% 6%
Basement = 4% Basement
| 0.8% | K2
Auxiliary | 1% Auxiliary | 3%
Spaces | Spaces || 2%
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
. CHP (n =259) MSHP (n = 289) GSHP (n =69) . CHP (n=281) MSHP (n = 360)

Source: Evaluation team analysis

4.2 Heat Pump Peak Demand

This section provides a summary of peak demand for the heat pumps included in the metered
sample, including average peak demand coincident with utility peak periods, as well as the
average maximum (non-coincident) demand. This section also shows average hourly demand
on the coldest days during winter 2022/2023 and 2023/2204.

Table 4-3 includes an overview of the coincident peak period definitions for both On-Peak and
Seasonal Peak savings periods.%®

58 On-peak and seasonal peak demand savings periods are consistently defined in the MA Technical Reference
Manual (TRM) and CT Program Savings Document (PSD).
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Table 4-3. Coincident Peak Period Definitions

Summer Seasonal Winter Seasonal

Summer On-Peak  Winter On-Peak

Peak Peak
Non-holiday Non-holiday Non-holiday Non-holiday
: weekdays in ; -
Days weekdays in June, weekdays in June,  weekdays in June,
July, August December and July, August July, August
’ January ’ ’
All hours exceeding  All hours exceeding
90% of the most 90% of the most
Times 1p.m.-5p.m. Sp.m.-7 p.m. recent ISO-NE recent ISO-NE
50/50 system peak  50/50 system peak
load forecast®® load forecast
\L/vaeee:jtr}g: Actual weather Actual weather data
Load TMYX TMYx data for the ISO-NE for the ISO-NE
Modeling performance period performance period

TMYXx typical weather spans the years of 2007-2021, ISO-NE performance period spans Summer 2009-Winter
2023/24.

Source: Massachusetts Technical Reference Manual and Connecticut Program Savings Document

Table 4-4 provides the average peak demand values for the winter season, including winter on
peak, seasonal peak, and the average maximum winter peak demand across all sites.®°® The
peak demands are summarized for each heat pump type and displacement type, and are
normalized per ton of installed heat pump cooling capacity.

59 Independent System Operator of New England (2023). Foiecast Report of Capacity, Energy, Loads, and
Transmission.ohttps://www.iso-ne.com/system-planning/system-plans-studies/celt.

60 The average maximum peak demand first identifies the highest hourly peak demand during the winter period for
each site, and then averages those maximum hourly demand values across all sites in the sample.
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Table 4-4. Heat Pump Winter Peak Demand (per Ton)

Winter Winter
Winter On Average Average Heat
. Seasonal .
Displacement Peak Maximum Pump
System Type Component Peak -
Type Demand Peak Capacity Per
() Demand Demand Home (Tons)
(kw)
HP 0.322 0.491 1.298
FD Auxiliary 0.046 0.106 0.669 3.73
Total 0.368 0.597 1.826
Central Heat Pump
HP 0.239 0.215 0.879
PD Auxiliary 0.007 0.017 0.080 4.45
Total 0.246 0.231 0.959
HP 0.384 0.553 1.257
FD Auxiliary - - - 3.49
Mini-Split Heat Total 0.384 0.553 1.257
Pump HP 0.297 0.403 1.103
PD Auxiliary - - - 3.02
Total 0.297 0.403 1.103
HP 0.278 0.405 0.926
Ground Source FD Auxiliary 0.001 0.002 0.030 6.03
Heat Pump
Total 0.279 0.407 0.952

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis

Table 4-5 provides the average peak demand values for the summer season, including summer
on peak, seasonal peak, and the average maximum summer peak demand across all sites.5*
The peak demands are summarized for each heat pump type and displacement type, and are
normalized per ton of installed heat pump cooling capacity.

61 The average maximum peak demand first identifies the highest hourly peak demand during the winter period for
each site, and then averages those maximum hourly demand values across all sites in the sample.
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Table 4-5. Heat Pump Summer Peak Demand (per Ton)

summer Average Heat
Displacement Summer On Summer Average Pugm
System Type pT e Peak Demand Seasonal Peak Maximum Capacit pPer
yp (kW) Demand (kW) Peak Demand pacity
Home (Tons)
FD 0.158 0.308 0.519 3.73
Central Heat Pump
PD 0.188 0.407 0.722 4.45
Mini-Split Heat FD 0.124 0.261 0.397 3.49
Pump PD 0.126 0.283 0.429 3.02
Ground Source FD 0.133 0.265 0.424 6.03
Heat Pump

Based on full metered sample and program data designation of displacement type.
Source: Evaluation team analysis

All peak demand values presented above are for a typical year, based predominantly on
metered data collected from a relatively mild winter (23/24)%2. In order to quantify the potential
peak demand impacts in a colder year, Figure 4-6 below shows a comparison of the peak
demand on the coldest day of the two metered heating seasons (February 4, 2023 and January
20, 2024), showing the average hourly demand for the FD sites that removed or disconnected
any backup heating sources, and for the subset of sites that had metered data collection during
both of the winter peak coldest days.

For FD sites, the compressor demand varied between about 2-3 kW across all system types,
while the average auxiliary electric resistance heat demand peaked around 6 kW during the
morning hours on February 4, 2023, for CHP sites. For CHP sites, the combined system (HP
and auxiliary heat) peak was 8 kW in 22/23, compared to only about 2.5 kW in 23/24, which
indicates the significant impact of auxiliary heat on peak demand in colder years.

62 The 50 Wave 1 sites had data in the colder winter of 22/23, but the remaining sites only had data from winter
23/24.
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Figure 4-6. Metered Peak Day Load Shape, Full Displacement Sites
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Figure 4-6 only includes data for the subset of sites with metered data in both metered heating
seasons. Figure 4-7 below shows the average hourly demand for all FD sites with metered data
collection in the Winter 23/24 period. For this relatively mild winter day (temperatures averaging
approximately 15 °F), total heating demand was highest for CHP sites with use of auxiliary
electric heat as well, and lowest for GSHP sites. Additionally, the peak demand for CHP for this
larger set of sites is almost double the peak of the smaller subset in Figure 4-6 for the same day
in Winter 23/24, which indicates that the sample included in Figure 4-6 may be biased towards
low usage sites. Based on this, it is reasonable to expect that the true average demand on the
much colder day in Winter 22/23 may actually be higher than what is shown in Figure 4-6.
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Figure 4-7. Average Hourly Demand, Full Displacement Sites
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4.3 Backup and Auxiliary System Usage

This section provides findings for the backup and auxiliary system usage analysis, including the
proportion of load in the heating season met by the various heating sources, prevalence of
backup heating systems in customer homes, and the control methods for heat pumps and
backup heating systems. Findings in this section are derived from the customer surveys,
customer interviews, and onsite metering of heat pumps and other systems. Customers
included in this section had backup heat (boilers, furnaces, wood stoves, baseboard heating,
space heaters), auxiliary heating (integrated electric resistance heating built into the air
handler), or a combination of both.

Key Findings:
Full Displacement

1 About half of all FD customers reported having a backup heating source in their homes,
although those with MSHPs were more likely to report having a backup heating source
than those with CHPs. FD customers in Connecticut reported slightly higher prevalence
of backup heating systems than those in Massachusetts. At these homes, the backup
systems were sometimes whole home backup systems (e.g., furnaces, boilers), and for
other homes, there was varying use of pellet/wood/gas stoves or fireplaces (used for
both home heating and for ambiance).
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9 For FD customers with backup heating systems, about 60% reported using them during
milder winter periods, and 75% during the coldest periods. Those in Connecticut
reported using their backup heat more frequently; those in Massachusetts were more
frequently reportingusingtheirb ackup heating fionly i nweeemer genc
reporting a variety of usage across the heating season. Customers with wood heating
reported higher frequency of use than those with other heating system types.

1 Analysis of the FD metered data suggests that about 86% of heating load is met by the
heat pump in FD installations for CHP, 92% for MSHP, and 99% for GSHP. One to nine
percent of heating season load being met by backup heating systems across all FD
sites. Remaining load is met by auxiliary electric heat i 4% for CHP FD, and 1% for
MSHP FD. For CHP FD installations, auxiliary electric heat meets about 25-30% of the
average homes heating load below 0°F.%3

9 For FD customers who used backup heat, about 15% indicated comfort concerns as a
reason to use backup heat, and a similar number of customers indicated concerns of
heating costs associated with their heat pump (especially during the coldest winter
periods). Other customers enjoy using wood heating sources for ambiance.

Partial Displacement

1 About 80% percent of customers with PD installations reported having additional heating
sources in their home, and for those with backup heat, about 80% reported using the
backup heating systems over the winter period.

1 For PD installations, analysis of metered data suggests that the heat pump met about
67% of the homes heating load over the winter for sites with CHPs, and 79% for sites
with MSHPs, leaving backup heating systems to meet the remaining load.

1 PD customers were motivated to use backup heat because they were concerned about
heating costs with their heat pump, their integrated controller was set to automatically
switch over, or their backup heat serves parts of their home that their heat pump does
not.

4.3.1 Backup and Auxiliary Usage by Temperature

Section 2.5.8 details the methods used to estimate the proportion of heating system load met by

the heat pump, backup, auxiliary heating systems. Figure 4-8 shows the average proportion of

the home heating load that was met by the heat pumps, integrated auxiliary electric resistance

heat, and other backup systems, by outdoor air temperature and heat pump type. For both FD

and PD installations, customers used heat pumps to meet most of the heating load in the home

above 40°F.Bel ow t his temperature, the powasmebhythef t he
heat pump starts to drop while the portions met by backup systems (FD and PD) and electric

auxiliary (FD only) rise.

63 This value has high uncertainty, with limited hours below 0°F during the metered period.
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Figure 4-8. Backup and Auxiliary System Usage by Temperature Bin
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For CHP FD sites, the heat pump load decreased from about 90% ofthe h o me 6 s loadatt i n g
40°F to about 30% at -10°F. Auxiliary electric heat increased steadily from 0% at 40°F to 30% at

-10°F. The remaining load was handled by other backup heating systems, including furnaces,

boilers, wood/pellet stoves or fireplaces, and baseboard heat, which increased from about 5% at

40°F to a maximum of about 30% at -10°F.

For CHP PD sites, as expected, the proportion of the load met by the heat pump declined more

steeply at lower temperatures, ranging from about 85% of the home
about 20% at -10°F. Backup heating systems made up the remaining load, while auxiliary

electric heat usage was negligible for these sites.

MSHP sites showed similar trends, though the heat pump met more of the load on average than
the CHP sites. For MSHP FD sites, the heat pump load proportion declined from about 95% at
40°F to 75% at -10°F, while for MSHP PD®* sites it ranged from about 80% at 40°F to 30% at
-10°F. Backup heating systems made up almost all of the remainder of the load at these sites.®®

64 The load is the full home for all heat pump types within this analysis. Sites that were identified in which the installed
system only conditioned part of the house were removed from the load proportions analysis.

65 The small amount of auxiliary electric heat shown for MSHP sites comes from sites that installed both an MSHP
and a CHP. The program data classified these as MSHP sites.
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Sites with GSHPs showed minimal backup heat usage, with the heat pumps accounting for
almost 100% at 40°F and declining only to 90% at -10°F. Backup heat systems were present at
about half of GSHP sites.

Figure 4-9 shows the average annual heating load in each temperature bin and the proportion of
that load met by each type of heating source (heat pump, auxiliary heat, and backup heating).
This figure provides important context for Figure 4-8. For example, while the Figure 4-8 shows
that a relatively large proportion of FD CHP sites beating load is met by auxiliary and backup
heating at -10°F, Figure 4-9 shows that the overall annual total amount of heating load met by
these non-heat pump sources is still relatively small for FD CHP sites. However, it is also
important to note that although the seasonal energy consumption due to auxiliary heat usage at
low temperatures is small, the associated peak demand impacts are significant, as discussed in
Section 4.2.

Figure 4-9. Whole Home Heating Load Source by Temperature Bin
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Table 4-6 summarizes the proportion of the heating load met by system type across the entire

heating season. For the FD sites, the heating load proportion met by the heat pump ranged from
86%-99% based on heat pump type, while for PD sites it ranged from 67%-79%.
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Table 4-6. Proportion of Heating Season Load Met by System Type

Proportion of Proportion of Proportion of
Heat Pump Tvoe Displacement Heating Load Heating Load Heating Load Met i
P Iyp Type Met i Heat Met i Auxiliary Backup Heating
Pump Electric Heat Systems
Central HP FD 86% 4% 9%
Central HP PD 67% 1% 32%
Mini-Split HP FD 92% 0% 8%
Mini-Split HP PD 79% 0% 21%
Ground Source HP FD 99% 0% 1%

Based on full metered sample and program data designation of displacement type
Source: Evaluation team analysis

4.3.2 Backup System Usage

The findings from the heat pump and secondary heating systems metered analysis are
reinforced by responses to the customer surveys. In the end of season survey fielded to the
metering study participants, 49% of FD customers and 82% of PD customers indicated that they
have additional heating sources, as Figure 4-10 shows.

Figure 4-10. Prevalence of Backup Heating Systems

In the space heated by your heat pump(s), is the heat pump your only
heating source or do you have any additional heat sources? (n = 136)

No, | have additional 82%
heating sources 49%
Yes, the heat pump(s) is 18%
my only heating source 51%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%
Full displacement (n = 92) Partial displacement (n = 44)
Source: Evaluation team analysis

As compared with installations in Massachusetts, those in Connecticut reported an
approximately 10% higher prevalence for having backup heating sources across the FD
displacement type, for both CHP and MSHP equipment types, as Figure 4-11 and Figure 4-12
show. However, there was not a significant difference reported between states across
respondents with MSHPs in the PD displacement type.
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Figure 4-11. Home Heating Sources, FD Installs
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Figure 4-12. Home Heating Sources, PD Installs
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Customers were also asked if they used their additional heat source during the past winter
(2023-2024). Of the FD customers in the metering study, 75% responded they used the
additional heat source during the recent January 2024 cold period, where temperatures dropped
to 14°F, and 64% responded they used the heat source prior to the cold period, as Figure 4-13

shows.

Page 93



. Massachusetts and Connecticut
‘ Guidehouse Heat Pump Metering Study

Figure 4-13. Use of Backup Heating Systems During Winter 23-24, FD Installs
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Source: Evaluation team analysis
Of the PD customers, 86% responded they used the additional heat source during the recent

January 2024 cold period, and 78% responded they used the heat source prior to the cold
period, as Figure 4-14 shows.

Figure 4-14. Use of Backup Heating Systems During Winter 23-24, PD Installs

Did you use your additional heat source(s) this winter...?
(n =72) (Partial Displacement)
100%

90% 86%
80% 78%
70%
60%
50%
40%
30%
20% 14%
10% 6% 0% 8%
0% | don't know No Yes
During the cold period (n = 36)
Prior to the cold period (n = 36)

Source: Evaluation team analysis
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When asked why they used their additional heat source (Figure 4-15), about 20% of

respondents indicated concerns that the heat pump would not be able to fully heat the home or

that they wanted to be proactive to ensure that their home stayed warm enough. A similar

amount expressed concerns about the electricity costs associated with heat pump heating. In

reviewofr espondents who indicated fAothero reasons for
about half of FD respondents with backup heat indicate that they had a wood stove or fireplace

that they either used for ambiance, or to heat areas of the home that were not served by their

heatpump. Two of the FD respondents said that their he
keep them warm, which spurred their use of backup heat. Many of the PD respondents

indicated that they used their backup heat because it was set to automatically turn on.
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Figure 4-15. Customer Motivations for Use of Backup Heating Systems

Why did you use your additional heat source(s)...?
Select all that apply. (n = 68)

Full Displacement

I had maintenance issues with 3%
my heat pump | 4%

| was concerned about the cost 28%

of using my heatpump [ 16%

52%

e s
| was concerned that my heat 24%

pump would not be able to _ 16%
fully heat my home

| proactively wanted to ensure 17%

my home stayed warm enough | T 4%,
0% 10% 20% 30% 40% 50% 60%

. During other cold days (n = 25) During the cold period (n = 29)
Partial Displacement

| had maintenance issues with
my heat pump

| was concerned about the cost 25%
of using my heat pump 21%

57%
54%

Other

| was concerned that my heat 21%
pump would not be able to

fully heat my home 25%

| proactively wanted to ensure 18%
my home stayed warm enough 12%

0% 10% 20% 30% 40% 50% 60%

. During other cold days (n = 24) During the cold period (n = 28)

Source: Evaluation team analysis
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When asked how often the additional heat sources are used, responses varied significantly by

state, as Figure 4-16 shows. For this smaller sample from the metering study end of season

survey, the FD customers in Connecticut responded that they used the additional heat source
Avery f raenguohenigherrated. About 40% of the FD customers in Massachusetts
respondedwithionly i n emergenciesdo or on the col dest

Figure 4-16. Frequency of Backup Heating System Use 1 FD

How often do you typically use your additional heat source(s) in the winter?
(Full Displacement)

CT (n=17) MA (n=18)
Very frequently/ m— 35 . p— 2%
every day ar% ]
15+ times per winter _— % 17% W 25%
5-15 times per winter '—————27% 0% 30%
< 5 times per winter §% 0% s 10%
Only in emergencies or Ep— 15 S 380
on the coldest days “* ’ 0%
Other o= 9% —— 25
| don't know §4 8%

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

B cHP(n=11) MSHP (n = 6) B cHP(n=8) MSHP (n = 10)

Source: Evaluation team analysis

4.3.3 Backup System Control

This section provides findings on backup heating system control strategies and practices.
Key Findings:

1 Most customers who initially installed an integrated control (IC) indicated that the IC was
still installed (350 of 359), however, fewer (259 of 350) reported still using the IC to
automatically switch between their heating systems (especially for those with MSHPs).

1 The most common reported switchover temperatures are in the 30°F-45°F range, with
30°F-34°F being the most common, however, a large portion of customers do not know
their switchover temperature. Review of onsite metered data showed about 70% of PD
sites with CHPs and 20% of sites with MSHPs had a consistent switchover temperature
throughout the metered period. Switchover temperatures ranged between 15°F-40°F
(average 25°F) for those with oil backup heat, and 20°F-40°F (average 30°F) for those
with natural gas backup heat.

1 Customers who did not use an IC to auto-switch reported turning on their backup
systems manually or using a separate thermostat. Of the customers who reported
having multiple thermostats, over half (56%) report using the droop method.

Page 97

day



. Massachusetts and Connecticut
‘ Guidehouse Heat Pump Metering Study

1 A majority (83%) of customers reported that their contractor programmed the switchover
temperature on their integrated controller during installation. For customers who say the
contractor installed the control, 68% reported that the contractor explained how to
operate it.

1 83% of PD respondents with installed and working integrated controls (n = 343), said
they were satisfied with the operation of their integrated controller.

4.3.3.1 Method of Control

Both the Primary survey and the End of Season surveys asked customers about their method of
controlling backup systems. From the Primary survey, about 95% of customers with CHPs
indicated as PD reported that the integrated control is still installed, and 90% for MSHPs. For
those reporting that they had an integrated control, 90% of those with CHPs and about 65% of
those with MSHPs indicated that they used the IC to automatically switch the operation of their
heating systems.

From the End of Season survey (n=134),f or t he customers who wusedssponded
their additional heating sources this winter (n=68), 45% of PD customers across all heat pump

types responded that they used an integrated control or the same thermostat as the heat pump,

as shown in Figure 4-17. About 27% of these customers responded that they used a separate

thermostat, and 21% stated that they controlled their backup heat source manually. Most

customers who r espondewkerebperttinggarwdodstoveli cat ed t hey

Figure 4-17. Control Method for Backup Heat

How do you turn on your additional heating source(s)?

(n = 68)
6%
Other 17%
; 21%
| turn it on manually 20%
Controlled by its own separate 27%
thermostat 26%
Controlled by the integrated 459%
control or the same thermostat 17% ?
as the heat pump
0% 10% 20% 30% 40% 50%

Full displacement (n = 35) Partial displacement (n = 33)

Source: Evaluation team analysis
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When asked the same question, 40% of FD (mostly MSHP sites i 10 of 14) customers with
backup heat indicated they control their backup system manually, and 26% stated that it is
controlled by its own separate thermostat. Of the 18 sites (mostly MSHP sites i 13 of 18) that
indicated that they use a separate thermostat for multiple heating systems, a majority seemed to
use the droop method for operating their systems (56%, or 10 of 18), as Figure 4-18. Control
Method for Multiple Thermostats shows.

Figure 4-18. Control Method for Multiple Thermostats

Given that you have multiple thermostats for multiple
heating systems, please describe how you set the temperature
setpoints for these heating systems. (n = 18)

22%

Other 22%

I manually set the thermostats without a 1%
specific reason 22%

| set the additional heating system
temperature lower than the heat pump
system, so the additional heating system
is only used when the heat pump cannot
fully heat the space

56%
56%

An integrated control automatically 1%
chooses which system to run 0%

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

Full displacement (n = 9) Partial displacement (n =9)

Source: Evaluation team analysis
4.3.3.2 Switchover Temperatures

The most common reported switchover temperatures are in the 30°F-44°F range, with
30°F-34°F being the most common, as Figure 4-19 shows. The MA program guidelines dictate
different switchover temperatures for customers with backup natural gas, oil, and propane fuel
types. As of 2023, the CT program quality guidelines suggest a switchover temperature of 30°F
or lower in the Air Source Heat Pump Quality Installation Checklist.%®

66 Energize CT (2023).1 Ai r Source Heat Pump Quality Installation
https://energizect.com/sites/default/files/2023-04/Air%20Source%20Heat%20Pump%20Check-List.pdf
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Figure 4-19 and Figure 4-20 show the customer-reported switchover temperature by pre-
existing fuel type for CHP and MSHP units, respectively. The plots also show the revised
switchover temperatures for customers that changed their IC setting after their heat pump
unit(s) was installed. For CHP installs, about 34% of PD customers who reported having an IC
installed did not know their IC switchover temperatures. For customers who installed CHPs that
did know their switchover temperature, the majority reported settings between 30°F-44°F. About
25% of CHP customers reported changing their switchover temperatures post-install, and they
were primarily switched to lower settings in order to use the heat pump more often. For those
who reported having ICs installed for MSHPs, about 60% reported not knowing their IC
switchover temperature. For those that do know, settings between 30°F-44°F were most
common.

Figure 4-19. Original vs. Revised IC Switchover Temperature by Pre-Existing Fuel Type i

CHP *
Original Integrated Control Switchover Revised Integrated Control Switchover
Temperature Set by Customer/Contractor Temperature Set by Customer/Contractor
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' |5 [
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e ——— I 7
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W 06% | 0%
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mgﬂ,;, —S“n.
20°-24°F 50" 20°-24°F . 2%
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0% I
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0% 0%
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0% 0%
5°-9°F Py 5°-9°F o%
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0% 0%
0°-4°F n%o 6% 0°-4°F 2%
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. Natural Gas Qil Propane Electric Resistance

Source: Evaluation team analysis
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Figure 4-20. Original vs. Revised IC Switchover Temperature by Pre-Existing Fuel Type i

MSHP
Original Integrated Control Switchover Revised Integrated Control Switchover
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Source: Evaluation team analysis

Figure 4-21. Operation of Heat Pump System(s) provides an overview of customer reported
temperature setpoint operation of their heat pump systems. About 20%-25% of FD customers
with CHPs and MSHPs reported using a constant space temperature setpoint, and about 50%
for those with GSHPs. A large portion of customers change their temperatures setpoints through
a programmed schedule or by manually changing the setpoints over time. It is more common for
PD customers, especially those with MSHPs, to manually turn their heat pump on and off.
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Figure 4-21. Operation of Heat Pump System(s)

Source: Evaluation team analysis
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