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List of Acronyms

AC air conditioner

AFUE annual fuel utilization efficiency

AHRI Air Conditioning, Heating, and Refrigeration Institute
ASHP air-source heat pump

ccASHP cold climate air-source heat pump

cfm cubic feet per minute

COP coefficient of performance

EIR energy input ratio

HSPF heating seasonal performance factor
HVAC heating, ventilating, and air conditioning
NEEP Northeast Energy Efficiency Partnerships
SEER seasonal energy efficiency ratio

Note: in this document, “unit”, “dwelling”, and “dwelling unit” are used interchangeably.
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Executive Summary

The goal of this work is to develop energy efficiency, demand flexibility, and other retrofit end-
use load shapes (electricity, gas, propane, or fuel oil) that cover a majority of the high-impact,
market-ready (or nearly market-ready) measures. “Measures” refers to energy efficiency retrofits
that can be applied to buildings during modeling.

An “end-use savings shape” is the difference in energy consumption between a baseline building
and a building with an energy efficiency, demand flexibility, or other retrofit measure applied. It
results in a time-series profile that is broken down by end use and fuel (electricity or on-site gas,
propane, or fuel oil use) at each time step.

ResStock™ is a highly granular, physics-based, bottom-up model that uses multiple data
sources, statistical sampling methods, and advanced building energy simulations to estimate the
annual subhourly energy consumption of the residential building stock across the United States.
The baseline model intends to represent the U.S. residential building stock as it existed in 2018.
Technical documentation for the inputs and assumptions in the baseline building stock model is
available in (Reyna, et al. 2025). Calibration and validation of the baseline model results are
available in the final technical report of the End-Use Load Profiles
(https://www.nlr.gov/buildings/end-use-load-profiles.html) project.

This documentation focuses on a single end-use savings shape measure—cold climate heat pump
upgrade.

The cold climate heat pump upgrade demonstrated 30% total site energy savings (3,535 TBtu)
for the U.S. residential building stock (Figure 7). These savings are primarily attributed to:

e 53.7% stock total heating savings (3,173.8 TBtu)
e 10.1% stock total cooling savings (132.7 TBtu).
o Note: this lower value of savings is paritally due to the upgrade applying to homes
that do not have 100% cooling of spaces in the baseline
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ResStock 2025 Release 1 Measure Documentation:
Typical Cold Climate Air-Source Heat Pump

Accessing Results

This documentation covers the “typical cold climate air-source heat pump” measure upgrade
methodology and briefly discusses key results. All results can be accessed on the ResStock™
Open Energy Data Initiative “End-Use Load Profiles for the U.S. Building Stock” data lake and
on the data viewer at resstock.nlr.gov/datasets.

Measure Summary

Measure Title

Typical Cold Climate Air-Source Heat Pump

Measure
Definition

Applicability

Not Applicable

Original Release

Project
Configuration
File(s)

This upgrade measure replaces any existing non-shared ducted heating and air
conditioning system with a variable-speed ducted air-source heat pump (ASHP)
with electric resistance backup. If the unit does not have air conditioning, the unit
will receive air conditioning through the ASHP. The technology applied in this
measure upgrade package is denoted in the ResStock options_lookup.tsv as the
following:

e Typical Cold Climate Heat Pump, HSPF2 8.5, SEER2 17.5.

This measure applies to all dwellings with:

e Ducted non-shared (in-unit) HVAC with any of the following heating fuels:
electricity, natural gas, fuel oil, or propane.

With these applicability constraints, the measure upgrade applies to 74.3% of
the existing dwelling units.
This measure does not apply to dwelling units with the following:

e Shared HVAC

e Non-ducted non-shared HVAC.
These constraints exclude 25.7% of the dwelling units from receiving this
measure upgrade

2025 Release 1: 2025/resstock_amy2018_release_1;
2025/resstock_amy2012_release_1

See project_national/sdr_upgrades_tmy3.yml in https://github.com/
NatLabRockies/resstock/releases/tag/2025 Release 1

1
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1 Technology Summary

Cold climate heat pumps are air-source heat pumps (ASHPs) that are designed to work
efficiently at cold temperatures. This section will give an overview of ASHP technology and
include details about the specific features of the cold climate ASHP included in this measure
upgrade.

1.1 Introduction to Technology

ASHPs provide space heating and cooling in buildings. According to the 2020 Residential
Energy Consumption Survey from the U.S. Energy Information Administration, only ~16.5% of
dwellings in the contiguous United States have ASHP systems, with most ASHPs residing in
warmer climate regions like the southern United States (U.S. Energy Information Administration
2022).

ASHPs transfer heat from outdoor air to indoor air during heating operation and from indoor to
outdoor during cooling operation. During heating, an ASHP’s compressor powers a vapor
compression cycle that sends heat to the conditioned space of the dwelling. Unlike fossil fuel
combustion or electric resistance heating, ASHPs can heat dwellings at an efficiency level over
100%. For example, average heating coefficients of performance (COPs)—the ratio of heating
delivered divided by energy consumed—vary from ~2.0 in colder climates to ~3.0 in hotter
climates for the ducted ENERGY STAR® air-to-air heat pump upgrade (Praprost, et al. 2026).
For reference, an electric resistance heater heats at a COP of 1.0.

When an ASHP’s compressor cannot meet the heating load of a dwelling, its backup heating
system will turn on, if one exists, and aid in meeting the load. Backup heating systems can be
either integrated into the ASHP or separate. Integrated backup heating systems use electric
resistance heating or ducted fossil fuel furnaces. Separate backup heating systems can use either
fossil fuel or electricity to help meet the load and can include a wide range of heating
technologies.

The intent of this ASHP measure upgrade is to reflect the specifications of a typical cold climate
air-source heat pump (termed “ccASHP” by the Northeast Energy Efficiency Partnerships
[NEEP]) based on the median metrics for ccASHPs in the NEEP cold climate ASHP database
(Northeast Energy Efficiency Partnerships, Inc. 2023). NEEP requires heat pumps to have a
variable-speed compressor to be noted as a ccASHP. More information on the cold climate
designation can be found in NEEP’s product list documentation. Section 1.2. describes this
selection process in more detail (Northeast Energy Efficiency Partnerships, Inc. 2023).

1.2 Technical Measure Details

This ASHP option reflects an installation of a ducted ASHP into a building that already has
existing ductwork for either heating or cooling. This entails the ASHP indoor coil and blower
being installed with the dwelling’s existing air distribution system and an outdoor unit coil, fan,
and compressor unit being installed outside.
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1.2.1 Compressor Speed

This ASHP option has a variable-speed compressor, because virtually all cold climate ASHPs on
the market include variable-speed compressors. Variable-speed compressors allow the system to
optimize energy consumption by ramping the compressor speed up or down depending on the
indoor and outdoor conditions. Compared to a single-stage or two-stage options, this ASHP can
more efficiently operate at extreme conditions because of the multiple speeds available to the
COMpressor.

1.2.2 Efficiency Ratings: HSPF2 and SEER2

This ASHP option has efficiency ratings based on the Seasonal Energy Efficiency Ratio 2
(SEER?2) rating for cooling and the Heating Seasonal Performance Factor 2 (HSPF2) for heating.
These ratings are calculated by taking the ratio of the cooling or heating output (Btu) of the
system over the electricity consumed (Wh) over the respective heating or cooling season. SEER2
and HSPF2 were introduced in 2023 to replace the energy efficiency metrics of SEER and HSPF.
The new metrics are measured with an increased external static pressure by up to five times to
reflect the field conditions more accurately (Department of Energy 2025). HSPF2 can be
calculated for several different regions to reflect the distribution of heating load hours at different
outdoor air temperatures in different climates (Department of Energy 2025). Ratings for energy
conservation standards use Region IV, so it is most common. However, Region V HSPF2s are
often provided for cold climate ASHPs in addition to Region IV. These regions are as defined by
the AHRI 210/240 Performance Rating of Unitary Air-condition and Air-source Heat Pump
Equipment documents (AHRI 2024).

This measure upgrade’s ASHP has a SEER2 of 17.5 and an HSPF2 (Region IV) of 8.5. These
efficiency ratings were chosen to reflect median typical cold climate ASHPs on the NEEP
database. These values are not representative of the ASHP’s efficiencies at all temperatures, but
an average of the efficiency over the respective cooling and heating season. The instantaneous
efficiency of the cold climate ASHP will vary according to outdoor and indoor conditions.

1.2.3 Sizing Methodology

This heat pump measure upgrade is sized to “max load”. Sizing to max load involves sizing the
ASHP to the maximum calculated load between the cooling and heating loads. This methodology
considers the capacity degradation of the ASHP so that it is sized large enough to meet both the
heating and cooling loads at design conditions. For example, a dwelling in a cold climate will
have its ASHP rated capacity at 47°F be larger than its load at design conditions, since its
capacity retention will not be 100% at the design temperature of the heating load.

Max load is chosen for this ASHP option because it has a variable-speed compressor that more
effectively meets the heating load at low ambient temperatures. This effectiveness helps reduce
the total size of the ASHP in cold climates from being unrealistically large. Additionally, the
multiple speeds available for this ASHP allow it to avoid elevated indoor humidity due to short
cycling issues that single-stage compressors incur.

Because this ASHP option is sized to max load, applicable dwellings in cold climates will

receive ASHPs that are relatively larger than an existing fossil fuel system. Large ASHP sizing
can increase the cost of the ASHP installation and require multiple mounted indoor units in the
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dwelling and possibly multiple outdoor units. However, because of this sizing and the variable-
speed compressor, its backup system utilization will be much lower, leading to lower operational
energy use.

1.2.4 Capacity Retention

As outdoor temperature drops below the rated capacity temperature of 47°F, the available
capacity of the ASHP decreases. The capacity that is retained by an ASHP below this
temperature can be defined by its capacity retention fraction. At 5°F, this ASHP option’s
capacity retention fraction at the compressor’s highest speed is 0.665. This capacity retention
factor specifies the fraction of the ASHP’s rated capacity available at 5°F. In the case of this
ASHP, its rated capacity at 47°F will be reduced by 33.5% at its lowest and highest compressor
speeds, respectively.

1.2.5 Backup System

This ASHP option has an integrated electric resistance backup system. This backup system will
turn on when the ASHP’s compressor cannot meet the heating load of the dwelling unit. Below
-15°F, the compressor will be locked out from providing heat, and only the backup system will
be used if it remains below -15°F. This compressor lockout temperature is set at -15°F because
of the variable-speed compressor’s ability to effectively cover heating loads at low ambient
temperatures. These two systems can operate coincidentally because the backup heating coil is in
sequence with the ASHP heating coil. The airflow can initially be heated by the ASHP coil and
then subsequently boosted by the backup heating coil. The backup system is sized according to
the “emergency” choice in OpenStudio®-HPXML, which means the backup capacity will be
sized to meet the ACCA Manual J heating design load. During operation in the EnergyPlus®
model, the software assumes a fully modulating backup coil that will perfectly meet the
remaining heating load not met by the ASHP.

Because the backup system is electric resistance heat, there is a significant efficiency drop when
it is utilized, as the COP of electric resistance heat is 1.0. This drop leads to higher energy
consumption and higher instantaneous power demand by the dwelling unit’s heating system.

1.2.6 Cooling Levels

Dwelling units that are not 100% cooled by their existing AC system (e.g., room AC providing
cooling for just one room of a home) will be 100% cooled by this measure upgrade. This will
increase cooling energy consumption of those dwelling units that were not already 100% cooled.
The cooling level increase for all applicable dwelling units is implemented because ASHPs in
this measure upgrade will be sized as large as the duct system allows to attempt to cool the entire
dwelling unit. Although this increases energy use associated with cooling, it also increases health
and comfort of the home.

1.2.7 Electrical Requirement

This subsection summarizes the electrical information of the typical cold climate heat pump
upgrade. Electrical information is used in ResStock to assess whether the home’s electrical panel
would become space-constrained or over-capacity due to this upgrade. Section 3.3 describes the
electrical panel constraint modeling in more details.
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The power rating of a ducted heat pump system is the sum of the power rating of the compressor,
the air handler, and any electric backup allowed to operate simultaneously, which are
summarized in Table 1. The heat pump compressor power rating is estimated based on its design
heating capacity using a regression equation derived from product labels. The air handler power
rating is estimated from the design airflow rate and OS-HPXML assumption of fan power. The
electric resistance backup power rating is directly converted from its heating capacity at an
efficiency of 100%. For more information on the modeling assumptions, see the ResStock
Technical Reference Documentation (Reyna, et al. 2025).

Table 1. Default Power Rating of Ducted Heat Pump System Components

Component Power Rating [W] Note
(0.631 * Heating_Capacity Regression of Minimum Circuit Amp,
Heat Pump Compressor gy ket + 1.615) * 240 multiplied by voltage
Air Handler Air_Flow [cfm] * Fan_Power Default to OS-HPXML assumptions
[W/cfm]
: Heating_Capacity [kBtu/h] * Convert heating capacity directly to
AbeliE EEe T 293.07 power at 100% efficiency

Ducted heat pumps require at least one 208/240V circuit, each of which is protected by a double-
pole breaker. The specific number of circuits depend on whether the heat pump has backup
heating (dual-fuel or electric) and how its indoor and outdoor units are configured along with the
backup. Table 2 summarizes the wiring configuration for ducted heat pumps assumed in
ResStock. For example, a dual-fuel heat pump is assumed to have a 120V air handler on one
circuit and another 240V circuit for the compressor. For heat pump with electric backup, the air
handler is commonly 240V to allow for the strip heat to be on the same circuit. This is also the
assumption in ResStock. The maximum overcurrent protection allowed per circuit is assumed to
be up to S0A. Therefore, more circuits may be required for larger heat pump systems, which
correspond to the use of multiple compressors and/or heat kits in actual installed systems.

While a heat pump upgrade replaces both heating and cooling, it may take more circuits and
breaker spaces to install than removing the incumbent HVAC systems is able to free up. The heat
pump upgrade may also add more connected load to the panel, especially when the backup is
sized for emergency use. The power rating of heat pump systems is driven by their heating
configuration and the presence of electric resistance backup. Therefore, homes in colder climates
are more likely to face a capacity constraint when upgrading to a heat pump since a backup is
often required to supplement the heat pump performance and they are more likely to have fuel
heating previously.
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Table 2. Default Voltage and Breaker Space for Ducted Heat Pumps.

(Note: ckt: circuit, ODU: outdoor unit or heat pump compressor, IDU: indoor unit or air handler)

Heat Pump System Circuits Breaker Spaces
Air-to-air / ground-to- ckt 1: 240V, ODU ckt 1: 2 * round_up(ODU power [W] / 12000)
air, ducted, dual-fuel ckt 2: 120V, IDU ckt 2: 1
Air-to-air / ground-to- ckt 1: 240V, ODU ckt 1: 2 * round_up(ODU power [W] / 12000)
air, ducted, no backup ¢kt 2: 240V, IDU ckt2: 2

i i ) ckt 1: 240V, ODU ckt 1: 2 * round_up(ODU power [W] / 12000)
Air-to-air, ground-to-air,
ducted, electric backup ckt 2: 240V, IDU + ckt 2: 2 * round_up((IDU + backup) power [W] /

’ backup 12000)

1.2.8 Measure Upgrade Specification Process

The intent of this ASHP measure upgrade is to reflect the specifications of a typical cold climate
ASHP based on the median cold climate ASHP found on the NEEP database (Northeast Energy
Efficiency Partnerships, Inc. 2023). The NEEP database specifies an ASHP as cold climate if its
HSPF2 > 7.7 and SEER2 > 14.3, it is variable speed, and its COP at 5°F > 1.75 at maximum
capacity. In an analysis of all ducted ASHP systems on NEEP, the plurality of systems have an
HSPF2 between 8.5 and 9.0. Figure 1 shows the histogram of this analysis (Winkler, et al. 2026).

0.25
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Fraction of Systems
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0.00 -

0,9 .0 ,0 .0 5 O 9 0.9 0
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N
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Figure 1. Histogram of NEEP ASHP analysis

To define a “Typical Cold Climate ASHP,” the NEEP database entries with the median HSPF
value of 8.5 HSPF2 were identified and the median values of those entries for COP at max
speed, COP at min speed, capacity at max speed, capacity at min speed were found (Winkler, et
al. 2026). These results are shown in Figure 2. These details are used as inputs into the ResStock
model using the HVAC Detailed Performance Archetype option. Refer to Section 3 for more
information on how this measure upgrade is modeled.
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Figure 2. Median values of heat pumps with an HSPF2 of 8.5 for COP at max speed, COP at min
speed, capacity at max speed, capacity at min speed were found
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2 Applicability
The cold climate ASHP measure upgrade applies to all dwelling units with the following:
e Dwelling units with ducts that meet the following criteria:

o Have a non-shared HVAC system unless there is evidence of an existing ASHP or
central AC condenser (i.e., the existing dwelling unit has space for a condenser;
this is a consideration for multifamily dwelling units only)

o Have a heating fuel that is not classified as “Wood,” “None,” or “Other Fuel.”

Note that this upgrade explicitly is not applied to buildings without heating in the baseline. With
these applicability constraints, the measure upgrade applies to 78.0% of the existing building
stock.

Applicability of this measure upgrade is based on ResStock housing characteristics that
determine the available options and options’ details. Specifically, the “HVAC Heating
Efficiency” characteristic in ResStock is used to apply this ASHP option. “HVAC Has Ducts”
describes the presence of ducts in the dwelling. “Heating Fuel” describes the baseline heating
fuel of the dwelling. “HVAC Cooling Type” describes the type of cooling system the dwelling
possesses. “HVAC Shared Efficiencies” describes the shared HVAC system of the dwelling, if
applicable. More information on the ResStock housing characteristics can be found in the
ResStock Technical Reference Documentation. The exact logic used in the ResStock project
YML file for this dataset is available in the appendix. The remainder of this section provides
discussion for why certain apply logic decisions were made.

2.1 Treatment of Multifamily Dwellings With Shared HVAC Systems

Multifamily dwellings with ducts and shared HVAC systems will only receive this upgrade if the
existing dwelling already has space for an outdoor unit. This is checked by looking at the HVAC
cooling type and the HVAC shared system type. If the HVAC cooling type for a ducted dwelling
with a shared HVAC system is “Ducted Heat Pump” or “Non-Ducted Heat Pump,” the measure
upgrade will apply. If the HVAC cooling type for a ducted dwelling with a shared HVAC
System is “Central AC,” the measure upgrade will apply if the shared HVAC system is not a Fan
Coil Cooling unit. All other ducted dwellings with shared HVAC systems that do not meet the
above criteria will not receive the measure upgrade. This logic is developed to reflect the ease of
install of a ducted ASHP system, which requires an outdoor space to install the condenser unit.

2.2 Cooling-Level Increase for All Applicable Dwellings

Dwellings that are not 100% cooled by their existing AC system (e.g., room AC providing
cooling for just one room of a home) will be 100% cooled by this measure upgrade. This could
increase cooling energy consumption of those dwellings that were not already 100% cooled.
There are rare circumstances where partially cooled dwellings in hot climates receive a heat
pump that is not sized large enough to cover the cooling load. This is because the ducts,
previously only used for heating, are not large enough to accommodate an adequate size of the
heat pump to cool the entire dwelling.
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2.3 Exclusion of “Other Fuel,” “None,” and “Wood” Heating Fuels

Dwellings with “Other Fuel,” “None,” or “Wood” heating fuels do not receive this measure
upgrade, because retrofits to these dwellings can lead to confusing results (e.g., false negative
savings compared to baseline or installing heating in regions that do not need it). “Other Fuel”
includes fuels that are not currently represented in ResStock, so there is not an accurate baseline
heating energy consumption to compare to. Additionally, there is not a large impact at scale
because dwellings with “Other Fuel,” “None,” or “Wood” heating fuels comprise approximately
2.6% of the total residential building stock.

2.4 Application Summary

Table 3 summarizes the application of the cold climate heat pump upgrade package.

Table 3. Summarized Apply Logic Typical Cold Climate ASHP

Evidence Typical
Is This of Existing Cold
HVAC  Heating  HVAC Dwelling Individual Climate  S1°¢K
Has Fuel Shared Multi ASHP H Saturation
Ducts ue Efficiencies Multi- SHP or eat (%)
family? AC Pump
Condenser Applied?
All .
Not Present . All options  Yes 74.33
options
Yes Yes 0.00
Electricity, Yes No No 1.85
Natural
Gas, Fuel
Oil,
Yes Propane  present
No All options No 0.00
Other
e, Alloptions M Alloptions ~ No 0.84
None, options
Wood
No All options ~ All options ! All options ~ No 22.98
options
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3 Modeling Approach

This section will overview how the upgrade measure is functionally modeled via ResStock into
OpenStudio-HPXML. Section 3.1 will briefly cover how OpenStudio-HPXML is used by
ResStock to model the dwellings generated by ResStock’s sampling. Section 3.2 will cover how
inputs from ResStock and default values calculated by OpenStudio-HPXML create the typical
cold climate heat pump measure upgrade.

3.1 OpenStudio-HPXML Overview

The ResStock building stock energy model contains conditional probability distributions of
building characteristics that are representative of the U.S. residential building stock (Reyna, et al.
2025). These distributions are sampled to create a synthetic stock where each dwelling model in
the stock has an assigned representative option for each characteristic. ResStock utilizes the
OpenStudio-HPXML workflow to translate these dwelling characteristics into building models
ready to be simulated via OpenStudio and EnergyPlus through the use of an HPXML file. For
reference, the state of the OpenStudio-HPXML repository when the ResStock 2025 Release 1
dataset was created can be found here. Assumptions about the measure upgrades in a ResStock
dataset release that are not explicitly defined in ResStock are taken care of in the
BuildResidential HPXML measure.

In the case of heating/cooling upgrades in ResStock Dataset 2025 Release 1, these assumptions
are all HVAC related. This documentation covers the calculations directly related to the heat
pump, but HVAC controls (e.g., setpoints, cycling) and HVAC distribution (e.g., airflow
systems) are out of its scope. For information on how OpenStudio-HPXML handles controls in
ResStock Dataset 2025 Release 1 see here, and for how it handles distribution see here. The
following subsections will go through the ResStock inputs and the defaults calculated by
BuildResidentialHPXML for the heat pump upgrade discussed in this documentation. Most
defaults highlighted from the BuildResidentialHPXML measure stem from the apply_hvac(),
apply_hvac_sizing(), and apply_detailed performance_data() methods found in OpenStudio-
HPXML’s hpxml_defaults.rb file. Note: the defaults.rb file calls methods from various Ruby
files within the directory it resides. See these Ruby files here.

3.2 Typical Cold Climate Heat Pump

This section covers the inputs from ResStock and the default values calculated by
BuildResidentialHPXML for the typical cold climate heat pump upgrade measure. For a plain
language summary of how the upgrade operates, including information about sizing
methodologies, see Section 1.

3.2.1 ResStock Inputs for the Typical Cold Climate Heat Pump Upgrade

Inputs from ResStock that describe the typical cold climate heat pump are listed in the table
below. These inputs include both the ResStock “HVAC Heating Efficiency” and “HVAC
Detailed Performance Data” parameters, with the latter noted with an asterisk. Descriptions of
each of these arguments can be found in Table 81 of the ResStock Technical Reference
Documentation (Reyna, et al. 2025).
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https://github.com/NREL/OpenStudio-HPXML/
https://github.com/NREL/resstock/tree/v3.4.0-331b7ab/resources/hpxml-measures
https://github.com/NREL/resstock/tree/v3.4.0-331b7ab/resources/hpxml-measures/BuildResidentialHPXML
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L2782-L2847
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L2848-L3002
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L1887-L2417
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L4926-L4935
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L2615-L2655
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb

Table 4. ResStock Argument Values for the Typical Cold Climate Heat Pump

Arguments denoted with an asterisk (*) signify arguments used for the HVAC Detailed Performance Data ResStock

parameter.

Typical Cold  Calculated

Climate Heat by
ResStock Argument Pump OpenStudio

-HPXML?

heat_pump_type air-to-air No
heat_pump_heating_efficiency type HSPF2 No
heat_pump_heating_efficiency 8.5 No
heat_pump_cooling_efficiency_type SEER2 No
heat_pump_cooling_efficiency 17.5 No
heat_pump_sizing_methodology max load No
heat_pump_sizing is_duct_limited FALSE Yes
heat_pump_fraction_heat load served 1 No
heat _pump_fraction_cool load_served 1 No
heat_pump_backup_type integrated No
heat_pump_backup_fuel electricity No
heat_pump_backup_heating_efficiency 1 No
heat_pump_backup_heating_capacity auto Yes
heat_pump_is_ducted TRUE No
heat_pump_compressor_lockout temp -15.0°F
heat_pump_cooling_compressor_type variable speed No

normalized
hvac_perf_data_capacity type* capacity No

fractions

67.0, 47.0,
hvac_perf_data_heating_outdoor_temperatures* 17.0, 5.0, No

-15.0 (all °F)

0.423, 0.308,
hvac_perf_data_heating_min_speed_capacities* 0.353, 0.371, No

0.331

1.387, 1.028,
hvac_perf_data_heating_max_speed_capacities* 0.766, 0.688, No

0.507

5.150, 4.390,
hvac_perf_data_heating_min_speed_cops™* 2.550, 2.050, No

1.660

3.684, 3.370,
hvac_perf_data_heating_max_speed_cops* 2.330, 1.980, No

1.490
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Typical Cold  Calculated

ResStock Argument Climate Heat by

Pump OpenStudio
-HPXML?
125.0, 95.0,
hvac_perf_data_cooling_outdoor_temperatures™ 82.0,70.0 (all No
OF)
. : I 0.267, 0.333,
hvac_perf_data_cooling_min_speed_capacities 0.368. 0.391 No
. S 0.847, 1.017,
hvac_perf_data_cooling_max_speed_capacities 1.090. 1.148 No
. : . 1.918, 3.870,
hvac_perf_data_cooling_min_speed_cops 5.860. 7.126 No
. . 2.017, 3.220,
hvac_perf_data_cooling_max_speed_cops 4.140. 4.900 No

Values from the detailed performance data parameter are used to access a lookup table in OS-
HPXML to determine the performance of the heat pump. The lookup tables in OS-HPXML
approximate the equation below according to the performance data inputs from ResStock
(Cutler, et al. 2013). No flow fraction curves are used because the temperature data at the
minimum and maximum speeds are assumed to account for airflow variation.

y=a+bx*Ty,+c* Tezwb+d* odp T € * Tchdb+f* Tewn * Toan

3.2.2 Default Inputs From OpenStudio-HPXML for the Measure Upgrade Name

OpenStudio-HPXML will receive the ResStock inputs from Table 4 via the ResStockArguments
OpenStudio Measure. Any values that are not specified by ResStock will be calculated using
defaults in the BuildResidentialHPXML OpenStudio measure. Table 5 describes the HPXML
default values calculated by this measure. These values are calculated in the defaults.rb file with
many called Ruby methods being defined in the hvac.rb file. OpenStudio-HPXML
documentation covering these elements can be found here.

Table 5. HPXML Default Values for the Typical Cold Climate Heat Pump Upgrade

HPXML Default Value Unit Notes
Net sensible heat ratio 0.78
Based on RESNET Publication No.
Crankcase heater power 50 W 002-2017, heater warms lubricating
oil pan

Based on electronically
commutating motor—a more
efficient type of blower that allows
for variable speeds and not on/off
binary operation like permanent split
capacitor blowers

Fan power 0.375 W/cfm
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https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb
https://github.com/NREL/resstock/blob/v3.4.0-331b7ab/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb
https://openstudio-hpxml.readthedocs.io/en/latest/workflow_inputs.html#air-to-air-heat-pump
https://www.resnet.us/wp-content/uploads/FDS-01Pub002-2017_final_redtxtchngs.pdf
https://www.resnet.us/wp-content/uploads/FDS-01Pub002-2017_final_redtxtchngs.pdf

Rated fan power 0.18 W/cfm Based on ASHRAE 1449-RP
Cooling Curve Values Value Unit Notes
Rated cfm per ton [400, 400] cfm/ton Typical rated cfm per ton
The degradation coefficient
encapsulates inefficiencies involved
with system cycling, heating the
Cycling degradation coefficient 0.25 coils, and distributing fluid. This
value is derived from conversations
with experts and engineering
judgment
Calculated as a function
of rated conditions,
nominal cfm/ton, the coil
Ao factor also known as
Gross sensible heat ratio the coil bypass factor, See the calculation for this here.
and the net sensible heat
ratio. (the coil Ao factor is
the effective coil surface
area)
Cooling Capacity and COP
Coefficients as a Function of Value Unit Notes
Flow Fraction
No flow fraction coefficients are
Cooling capacity as a function . necessary because temperatures at
: [[1, 0, OI; [[1, O, O] -
of flow fraction min and max compressor speeds
account for airflows
No flow fraction coefficients are
Cooling energy input ratio as a . necessary because temperatures at
function of flow fraction min and max compressor speeds
account for airflows
Heating Curve Values Value Unit Notes
Rated cfm per ton [400, 400, 400] cfm/ton

This is the value for variable-speed

Nominal to max ratio 0.972

compressors
Heating Capacity and COP
Coefficients as a Function of Coefficients Notes

Flow Fraction

Heating capacity as a function
of flow fraction

[[1, 0, 01}; [, 0, Of5; [[1, O, O]

The functions of flow fraction are 1
because the blower is assumed to
have constant flow
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http://atp.iengineering.com/Report/Detail/617
https://github.com/NREL/resstock/blob/v3.2.0-2024.2/resources/hpxml-measures/HPXMLtoOpenStudio/resources/hvac.rb#L2705-L2732

. . The functions of flow fraction are 1
[, 0, Ol1; [r1, 0, O; {[1, ©, O because the blower is assumed to
have constant flow

Heating energy input ratio as a
function of flow fraction

3.3 Electrical Panels

Electrical panel constraint modeling was added to ResStock via OpenStudio-HPXML measures
in 2025. As new electric loads are added into the home during an improvement project, the
electrical panel may not have enough capacity or space to accommodate these new circuits.
Thus, the panel may become constrained, requiring an electrical upgrade that may include
upsizing the service entrance. Panel constraints can also be mitigated in other ways without the
panel or service being upsized, by using load shedding devices, circuit sharing devices, or a
smart panel to allow more loads to be connected; low-power, combination, or smart appliances to
reduce electric loads at the source; slim tandem breakers or subpanels for more space; and more
(Armstrong, et al. 2022). The panel constraint estimate from the upgrade measure allows for the
costing of any potential electrical upgrade or mitigation, thus helping to capture the total cost of
upgrade more holistically across the housing stock.

Panel capacity and space constraints are modeled using a service load and a breaker space
calculation, respectively. The load calculation is based on 2023 National Electrical Code’s load-
based method in Section 220 (National Fire Protection Association 2023), which guides how the
load diversity should be estimated and summed to estimate the total load connected to the panel.
When this total load converted to ampacity exceeds the service rating of the panel, the panel is
considered capacity-constrained in ResStock. Similarly, the panel is considered space-
constrained when the total occupied breaker space counted from the bottom-up exceeds the rated
space count of the panel. The panel’s capacity and space ratings are probabilistically sampled
based on other housing characteristics such as heating fuel and the presence of certain
appliances. Users are encouraged to reevaluate these constraint metrics according to other
considerations, such as a margin of safety to account for uncertainty in the modeling process. For
more details on panel constraint modeling, refer to the ResStock Technical Reference Guide
(Reyna, et al. 2025).

3.4 Modeling Limitations

Ducted heat pump units run their indoor fan during defrost. This would create a “cold blow” that
would be objectionable to some homeowners. To avoid this, the backup heat is brought on to
temper the air and avoid discomfort. This results in backup heating usage even at mild
temperatures. This backup heating is not presently modeled in EnergyPlus. The cooling delivered
during defrost is offset by additional heat pump heating if the building load does not exceed the
heat pump capacity after defrost degradation penalties. This limitation causes lower estimates for
backup heating (COP = 1.0) in simulations because the heat pump compressor (COP > 1.0) is
being modeled to offset the defrost cooling.

Additionally, some dwellings that receive this heat pump will not have a duct system that is sized

large enough for the heat pump’s capacity. ResStock resizes ducts in the dwelling to
accommodate the new heat pump upgrade.
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4 Results

This section first confirms the intended modeling approach for the upgrade by looking at
individual dwelling model results, then shows results from the upgrade applying across the entire
baseline residential building stock.

4.1 Single Dwelling Testing

To confirm that the cold climate upgrade measure model behaves as expected, two dwelling test
models are analyzed in this section. Some pertinent characteristics are outlined in Table 6. Both
dwellings are single-family detached households—the most common building type under this
upgrade’s applicability logic. Both dwellings have natural gas furnaces and central AC units.
Dwelling 1 is in the colder climate zone of 6A and Dwelling 2 is in the hotter climate of 2A.

Table 6. Characteristics of Two Individual Dwelling Test Models

Dwelling ID 1 2

Building Type Single-Family Detached Single-Family Detached

IECC Climate Zone 6A 2A

State Wi TX

Baseline Heating Type Natural Gas Furnace (80% AFUE) Natural Gas Furnace (80% AFUE)
Baseline Cooling Type Central AC, SEER 13 Central AC, SEER 15

4.1.1 Single Dwelling Annual Results

Table 7 outlines the modeled savings in annual energy consumption for various key outputs for
both individual dwelling test models. Both dwellings show savings in an expected manner. The
N/A values for “Electricity—Heating (incl. backup)” stem from the lack of any electric heating
in the dwellings in the baseline. The nonzero electric heating in the upgrade reflects an infinite
increase in this category’s energy consumption for both dwellings. For Dwelling 1, the increase
in electric heating can be seen reflected in the “Utility Bills—Electricity” category. However,
since Dwelling 2 does not require nearly as many heating hours as Dwelling 1, its savings for
“Utility Bills—Electricity” remains positive with savings from the cooling mode of the ASHP
outweighing the energy consumption of the ASHP’s heating mode.
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Table 7. Savings in Annual Energy Consumption and Utility Bills for Two Individual Dwelling Test
Models

The N/A value for the “Electricity—Heating (incl. backup)” reflects the fact that each individual dwelling model had 0
electricity consumption for heating in the baseline.

Dwelling ID 1 2
Electricity—Cooling 26.2% 10.7%
Electricity—Cooling Fans and 47.7% 74.3%
Pumps

Electricity—Heating (incl. backup) N/A N/A
Electricity—Heating Fans and 9.0% 19.4%
Pumps

Natural Gas—Heating 100.0% 100.0%
Site Energy—Total 41.5% 29.4%
Utility Bills—Electricity -128.0% 3.7%
Utility Bills—Natural Gas 79.2% 39.4%

4.1.2 Single Dwelling Time-Series Results

Time-series results from summer and winter days for both dwelling test models are shown
below. Figure 3 shows a decrease in energy consumption for Dwelling 1 throughout the summer
day because of the more efficient cooling mode of the ASHP. Similarly, in Figure 4, Dwelling 2
sees a decrease in energy consumption of approximately the same magnitude for the summer
day. All-time series are taken from 15-minute intervals. Peaks in individual dwelling time series
are typically caused by schedules (e.g., appliance usage schedules, setpoint setback schedules).
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Figure 3. Dwelling 1 electricity profile for a summer day. Energy consumption decreases because
of a more efficient cooling mode.
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Figure 4. Dwelling 2 electricity profile for a summer day. Energy consumption decreases because
of a more efficient cooling mode.
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For the winter days, Dwelling 1 incurs colder outdoor temps because of its location in a colder
climate. Because of these colder outdoor temps, Dwelling 1 must utilize its ASHP backup unit.
Figure 5 shows the backup heat supplementing the ASHP heat over various times in the day,
including a large spike around noon. Dwelling 2 sees milder winter temperatures and therefore
does not need to utilize its backup heating element. Figure 6 shows that the household’s load is
mostly heating energy, but the ASHP is sufficient to cover the home’s heating needs. Both
dwellings see much more electricity demand in the winter than baseline because of their heating
fuel switching from natural gas to electricity.
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Figure 5. Dwelling 1 electricity profile for a winter day. Because of low outdoor temperatures,
backup heating is utilized to cover the heating load.
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Figure 6. Dwelling 2 electricity load for a winter day. No backup heating is needed because
temperatures are mild in the winter in climate zone 2A.

4.2 Stock Energy Impacts

Over the entire stock (including dwellings that are not applicable), this measure upgrade yields a
total modeled energy consumption decrease of 30.0% as seen in Figure 7. Figure 8 shows total
energy consumption for only dwellings that are applicable to the upgrade. When only these
dwellings are considered, total savings from baseline are 36.1%. These savings in Figure 8 are
driven by a 64.5% decrease in heating energy from baseline to the upgrade scenario. A slight
decrease of 11.1% in cooling energy also contributes.
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Figure 7. Total stock energy consumption for all buildings in the dataset, including those that did
not receive the upgrade
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Figure 8. Total energy consumption for dwellings that are applicable to the measure upgrade
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Figure 9 shows the same total consumption as Figure 8 but sorted by baseline heating fuel. Most
savings occur in dwellings with an original heating fuel of natural gas where total annual energy
decreases by 40.5%. Dwellings with a baseline fuel of fuel oil also see a large decrease in
percent energy consumed, with the upgrade scenario lowering total energy by 49.6%. Total
energy is decreased by 10.3% and 44.0% for electricity and propane baseline heating fuels,
respectively.
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Figure 9. Total energy consumption by dwellings that are applicable to the upgrade, sorted by
baseline heating fuel

Figure 10 sorts the annual total energy consumption by Building America climate zone. The
largest magnitude of savings occurs in the Cold climate zone where 1,930 TBtu (45.2%) are
saved with the application of the cold climate ASHP. Percent savings decrease as climate zones
get warmer because less heating energy is necessary for homes. For example, the Hot-Humid
climate zone only sees savings of 18.1%, driven by heating energy savings of 59.7% and cooling
energy savings of 12.4%.
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Figure 10. Total energy consumption by dwellings that are applicable to the upgrade sorted by
Building America climate zone
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4.3 Stock Energy Utility Bill Impacts

Figure 11 shows a average of energy utility costs per dwelling of households that received the
cold climate ASHP upgrade. On average, electricity bill costs are slightly higher in the upgrade
because of the increase in electricity usage. There is a decrease in the average cost of natural gas,
fuel oil, and propane utility bills, and the bill weighed average of total utility costs in the upgrade
is less than the baseline average.
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Figure 11. Average energy utility bill costs per dwelling of applied households

Figure 12 shows the average energy utility bill cost grouped by Building America climate zone.
All climate zones see a decrease in the total utility bill cost. The significant increase in electric
bill cost for most climate zones is due to the increased electricity usage.
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Figure 12. Average energy utility bill costs for applied households divided by Building America
climate zone

4.4 Electrical Panel Constraints

Figure 13 shows the distribution of modeled panel constraints overall (see “all” column) and by
baseline heating fuel. It is estimated that 44.8% of dwellings upgrading to the typical cold
climate heat pump face either a breaker space or a capacity constraint (or both) while 55.2%
have no constraints. Most dwellings that face a panel constraint are those that do not have
electricity as their baseline heating fuel (i.e., fossil fuel heated dwellings).

All post-upgrade constraint statistics include a minute fraction of homes that are already
capacity-constrained in the baseline. Prior to the upgrade, 2.3% of the existing panels are
estimated to already be over-capacity, which is possible as the capacity constraint is estimated
based on code. In contrast, no existing panel is space-constrained, which makes sense as it is
physically impossible to connect more loads than there is space. Capacity constraints in the
existing stock are due in part to the uncertainty associated with the modeling process, where the
prediction of the panel size is not based on the presence of all major electric appliances.
However, it is important to recognize that this level of uncertainty applies to all panel results,
including those that look reasonable. Hence, the capacity-constrained homes in the baseline can
be thought of as over-capacity homes that experience frequent flickering of lights or tripping of
breakers if/when large appliances are turned on. During the cold climate ASHP upgrade, any
homes already constrained before the upgrade will likely need to address their capacity issue to
be permitted by code to connect a new load to the panel, whether the upgrade is making the
constraint worse or not. Thus, the post-upgrade constraint statistics can be attributed entirely to
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the upgrade. Users are encouraged to alternatively analyze the constraint outcomes by excluding
homes whose pre-existing capacity constraint is not worsened by the upgrade.
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Figure 13. Distribution of modeled panel constraints by heating fuel
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Figure 14 and Figure 15 show the modeled state-level distribution of homes that become
capacity-constrained and space-constrained, respectively, by state post-upgrade. Figure 16 shows
the distribution that is constrained overall based on either capacity or space. Capacity constraints
range from 3.0% in Hawai‘i to 64.6% in Nebraska. Generally, this trend is in line with electric
heating saturation in the baseline scenario. Warmer climate states like Florida, Texas, and
California have higher penetration of electric heating in the baseline, requiring higher capacity
electrical panels. This trend is also seen in the panel size constraint—states with higher
penetration of electric heating have more existing space in their electrical panels.
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Figure 14. Modeled percent of homes with an electrical panel capacity constraint by state after
application of upgrade
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Figure 15. Modeled percent of homes with an electrical panel space constraint by state after the
upgrade
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Figure 16. Modeled percent of homes with an electrical panel constraint (capacity or space) by

state after the upgrade
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