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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 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 project (Wilson et al. 2022).  

This documentation focuses on a single end-use savings shape measure: Residential Variable-

Speed Geothermal Heat Pump (GHP). This document provides the relevant new modeling 

information for variable-speed systems not previously covered in either the single-stage or two-

stage documents. Variable-speed GHPs represent the most efficient option available for this 

technology; they provide the highest site energy savings, with up to 46% for the applicable 

portion of the housing stock, compared to 31% for less efficient single-stage GHPs. Additional 

results shown here detail how the savings change for sections of the housing stock with different 

base heating fuels and in different climate zones, and they show the savings potential by state for 

both heating and cooling. Utility bills and electric panel impacts are also shown and discussed. 
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ResStock 2025 Release 1 Measure Documentation: 
Residential Variable-Speed Geothermal Heat Pump 
(4.4 COP, 30.9 EER)  

Accessing Results 

This documentation covers the “Residential Geothermal Variable-Speed Heat Pump (4.4 

Coefficient of Performance [COP], 30.9 Energy Efficiency Ratio [EER])” 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 https://resstock.nlr.gov/.  

Measure Summary 

Measure Title Residential Variable-Speed Geothermal Heat Pump (4.4 COP, 30.9 EER)  

Measure 
Definition 

This upgrade measure replaces the heating, ventilation, and air-conditioning 
(HVAC) system in any existing dwelling unit in a building that is less than eight 
stories with ducted heating or cooling to a variable-speed, water-to-air, vertical 
ground heat exchanger GHP with a variable-speed fan.  

Applicability This measure applies to all dwellings with: 

• Non-shared (in-unit) HVAC and any of the following heating fuels: 
electricity, natural gas, fuel oil, or propane  

• Shared (across multiple units) HVAC and a building height of less than 
eight stories and any of the following heating fuels: electricity, natural 
gas, fuel oil, or propane  

• Dwelling units with air ducts 

• Dwelling units with soil thermal conductivity greater than 0.8 Btu/hr-ft-°F. 

With these applicability constraints, the measure upgrade applies to 71% of the 
existing residential building stock. The 6.4% of the residential units that receive 
the GHP upgrade lack existing space-cooling systems in the baseline. 

Not Applicable This measure does not apply to dwelling units with: 

• Shared HVAC (across multiple units) in high-rise (greater than eight 
floors) buildings (e.g., multifamily residential buildings)  

• Dwelling units without air ducts. 

These constraints exclude 18% of the dwelling units from receiving this measure 
upgrade. An additional 4% of the dwelling units do not receive this upgrade 
because of their heating fuel type. 

Original Release ResStock 2025 Release 1: 2025/resstock_amy2018_release_1 

Project 
Configuration 
File(s) 

ResStock’s 2025 Standard Data Release 1 project file. 

Relation to Other GHP Models 

Unless otherwise noted in this document, it is assumed that certain components of the variable-

speed GHP model overlap with (i.e., are the same as) single- and two-stage model components. 

The following summarizes these overlapping components: 

http://www.nlr.gov/publications
https://data.openei.org/s3_viewer?bucket=oedi-data-lake&prefix=nrel-pds-building-stock%2Fend-use-load-profiles-for-us-building-stock%2F2024%2F
https://resstock.nlr.gov/
https://github.com/NREL/resstock/blob/2025_Release_1/project_national/sdr_upgrades_tmy3.yml
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• Technology summary: The variable-speed GHP works using the same general principles 

as the two-stage GHP, except that it has a variable-speed compressor along with 

improved rated heating and cooling efficiency values. 

• Applicability: The variable-speed GHP applies to the same set of dwelling units as the 

single- and two-stage GHPs. 

• Modeling approach: The variable-speed GHP follows the same basic modeling 

approach as the two-stage GHP, except that the performance curves are updated, and a 

pump power energy management system (EMS) program is used. The model of the 

ground heat exchanger is identical for any GHP, and documentation is included in the 

single-stage GHP measure document. 

See the single-stage (Maguire et al. 2025a) and two-stage (Maguire et al. 2025b) reports for more 

detailed information about components that do not change between single-stage and two-stage 

GHPs. 

http://www.nlr.gov/publications
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1 Technology Summary 

1.1 Introduction to Technology 

GHPs are highly efficient systems that provide space heating and cooling by leveraging the 

relatively stable temperatures below the Earth’s surface. By exchanging heat with the ground, 

where temperatures remain more constant year-round, GHPs can operate with greater efficiency 

and reliability across a wide range of climates. A typical GHP system includes three main 

components: a ground heat exchanger, a heat pump unit, and an air distribution system within the 

building. 

There are several types of GHPs, including single-stage, two-stage, and variable-speed systems:  

• Single-stage GHPs operate at full capacity whenever they run, which can lead to energy 

inefficiencies under part-load conditions (when the system needs less than its maximum 

output).  

• Two-stage GHPs improve upon this design by adding a second, lower-capacity stage. 

This allows the system to operate more efficiently during mild conditions while still 

having the capability to switch to full output when demand peaks. 

• Variable-speed GHPs represent the most advanced option, using inverter-driven 

compressors and fans to continuously adjust their output in response to real-time heating 

and cooling needs. Unlike single-stage or two-stage systems that operate in discrete steps, 

variable-speed systems can modulate across a wide range of capacities. This precise 

control enhances energy efficiency, provides more stable indoor temperatures, reduces 

humidity swings, and minimizes noise from cycling. 

Although variable-speed GHPs typically have the highest upfront cost among GHP technologies, 

they deliver superior part-load efficiency and can achieve the lowest overall operating costs over 

time. As a result, they are often considered the premium choice for homeowners seeking 

maximum comfort and performance. 

The intent of this GHP measure is to reflect the characteristics of a high-performance, variable-

speed, water-to-air GHP, modeled after the most advanced products on the 2025 ENERGY 

STAR® Most Efficient 2025 GHP list.1 The system assumes a vertical ground heat exchanger 

configuration, which is a common and space-efficient option for residential applications. 

  

 
1 https://www.energystar.gov/most-efficient/me-certified-geothermal-heat-

pumps/results?is_most_efficient_filter=Most%20Efficient  

http://www.nlr.gov/publications
https://www.energystar.gov/most-efficient/me-certified-geothermal-heat-pumps/results?is_most_efficient_filter=Most%20Efficient
https://www.energystar.gov/most-efficient/me-certified-geothermal-heat-pumps/results?is_most_efficient_filter=Most%20Efficient
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2 Modeling Approach  

2.1 Applicability 

Using the same applicability criteria as the single- and two-stage GHPs, the variable-speed 

compressor, water-to-air, vertical ground heat exchanger GHP upgrade measure applies to all 

dwellings with: 

• Non-shared (in-unit) HVAC and any of the following heating fuels: electricity, natural 

gas, fuel oil, or propane  

• Shared (across multiple units) HVAC and a building height that is less than eight stories 

and any of the following heating fuels: electricity, natural gas, fuel oil, or propane  

• Dwelling units with ducts 

• Dwelling units with soil thermal conductivity greater than 0.8 Btu/hr-ft-°F. 

With these applicability constraints, the measure upgrade applies to roughly 71% of the existing 

building stock. The 6.4% of the residential units that receive the GHP upgrade lack existing 

space-cooling systems in the baseline. Units that are excluded from this measure, as well as more 

details about GHP modeling and assumptions, are more fully described in the documentation for 

the single-stage GHP document (Maguire et al. 2025a). 

The applicability of this measure upgrade is based on ResStock housing characteristics that 

determine the available options and the options’ details (Reyna, et al. 2025). Specifically, the 

“HVAC heating efficiency” characteristic in ResStock is used to apply each respective heat 

pump option. “HVAC has ducts” describes the presence of ducts in the dwelling. “Heating type” 

describes the baseline heating fuel of the dwelling. “HVAC shared efficiencies” describes the 

shared HVAC system of the dwelling, if applicable. “Geometry building type height” describes 

the height and building type of the dwelling. More information on the ResStock housing 

characteristics can be found in the ResStock Technical Reference Documentation.2  

2.2 OpenStudio-HPXML Overview 

For the variable-speed GHP, the same ResStock building energy model and OpenStudio®-

HPXML workflow are used as for the single- and two-stage GHPs.  

OpenStudio-HPXML’s apply_ground_to_air_heat_pump()3 method is used to apply multiple sets 

of speeds (and their respective performance curves) to water-to-air coil objects that support 

various speed levels: 

• CoilCoolingWaterToAirHeatPumpVariableSpeedEquationFit 

• CoilHeatingWaterToAirHeatPumpVariableSpeedEquationFit. 

New performance curves, representing variable-speed equipment, were developed and used to 

calculate the cooling/heating total capacity/energy input ratio (EIR)4 as a function of 

 
2 https://NatLabRockies.github.io/ResStock.github.io/assets/trd/ResStockTechnicalReferenceGuide_2025_1.pdf  
3 https://github.com/NatLabRockies/OpenStudio-

HPXML/blob/v1.9.1/HPXMLtoOpenStudio/resources/hvac.rb#L549  
4 The EIR is defined as the inverse of the coefficient of performance (1/COP) 

http://www.nlr.gov/publications
https://natlabrockies.github.io/ResStock.github.io/assets/trd/ResStockTechnicalReferenceGuide_2025_1.pdf
https://github.com/NatLabRockies/OpenStudio-HPXML/blob/v1.9.1/HPXMLtoOpenStudio/resources/hvac.rb#L549
https://github.com/NatLabRockies/OpenStudio-HPXML/blob/v1.9.1/HPXMLtoOpenStudio/resources/hvac.rb#L549
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temperature, as a function of airflow rate, and as a function of water flow rate. Updates were also 

made to an EnergyPlus® EMS program controlling the flow rate of water though the heat pump 

and ground heat exchanger. 

For the variable-speed GHP equipment model in ResStock, data were taken from the latest 

WaterFurnace Series 7 variable-speed GHP unit.5 

2.2.1 Variable-Speed GHP Heating and Cooling Efficiency 

This measure includes a water-to-air GHP with a variable-speed compressor rated with a heating 

COP of 4.4 and a rated cooling EER of 30.9. The ground heat exchanger shape and properties are 

the same as used for the single- and two-stage GHPs: a rectangular and vertically drilled single 

U-tube design with thermally enhanced grout and piping. This section describes the inputs and 

modeling methodology for the heat pump. Some inputs, the sizing methodology, and the 

modeling methodology for the heat pump and the ground heat exchanger are the same as for the 

single- and two-stage GHPs. Refer to the section with the corresponding name in those 

documents for additional details. 

Many ResStock arguments are assigned in the HVAC heating efficiency characteristic. The 

arguments being specified (different than the OpenStudio-HPXML defaults) that help distinguish 

these technologies from the single- and two-stage GHP are: 

• Heat pump compressor type 

• Heat pump heating efficiency 

• Heat pump cooling efficiency. 

For this measure, the compressor type is variable speed, as stated by the measure definition. 

2.2.1.1 Heating and Cooling Efficiency 

Compared to the single- and two-stage compressor types, the variable-speed compressor type can 

fine-tune the process for how efficiently the GHP system transfers heat and matches the load. 

Variable-speed compressors use less energy through less frequent on-off cycles than two-stage 

compressors. Fewer cycles lead to reduced temperature fluctuations and higher efficiency. 

As described in the single-stage GHP measure documentation, Table 1 and Table 2 summarize 

the average EER and COP values based on compressor type. 

 
5 https://www.waterfurnace.com/literature/7series/SDW7-0018W.pdf  

http://www.nlr.gov/publications
https://www.waterfurnace.com/literature/7series/SDW7-0018W.pdf
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Table 1. ENERGY STAR 2025 Most Efficient 2025 GHP List and Range of COPs by Compressor 
Type6 

 

COP 

Compressor Type Min 25th Mean Median 75th Max 

Single stage 3.5 3.6 3.8 3.8 3.9 4.3 

Two stage 3.5 3.8 4.0 4.0 4.1 4.9 

Variable speed 4.1 4.3 4.4 4.4 4.4 4.6 

 

Table 2. ENERGY STAR 2025 Most Efficient 2025 GHP List and Range of EERs by Compressor 
Type7 

 

EER 

Compressor Type Min 25th Mean Median 75th Max 

Single stage 16.0 17.8 18.8 18.6 19.6 22.3 

Two stage 16.0 19.2 20.5 20.5 22.0 26.1 

Variable speed 26.3 29.6 30.9 30.9 32.3 33.8 

 

Using the data from the ENERGY STAR Most Efficient 2025 GHP list and the processed 

metrics in Table 1 and Table 2, the median values were chosen for the variable-speed upgrade 

GHP measure inputs.  

2.2.1.2 Summary of Different Inputs Than the Single-Stage and Two-Stage GHP 
Measures 

Although some key inputs and their values are discussed in the preceding section, Table 3 

summarizes the inputs for the variable-speed GHP measure in ResStock and OpenStudio-

HPXML. 

Table 3. Summary of the Different Variable-Speed GHP Measure Inputs From the Single- and Two-
Stage GHP Measures 

Input Value Source 

Heat pump cooling compressor 
type 

Variable speed Measure definition 

Heat pump cooling efficiency type 30.9 
ENERGY STAR Most Efficient 
2025 list 

Heat pump heating efficiency 4.4 
ENERGY STAR Most Efficient 
2025 list 

 
6 The rated heating COP is defined by the conditions in ARI Standard 325. The entering water temperature: 32°F; 

entering air: 68°F dry bulb, and 59°F wet bulb. 
7 The rated cooling EER is defined by the conditions in ARI Standard 325. The entering water temperature: 77°F; 

entering air: 80.6°F dry bulb, and 66.2°F wet bulb. 

http://www.nlr.gov/publications
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2.2.2 Variable-Speed GHP Heat Pump Performance Curves  

To model variable-speed GHPs with 

Coil:Cooling:WaterToAirHeatPump:VariableSpeedEquationFit and 

Coil:Heating:WaterToAirHeatPump:VariableSpeedEquationFit EnergyPlus objects, 

several different performance curves are required. At both part load and full load, for both 

heating and cooling, curves are required for: 

• The efficiency of the GHP as a function of water and air temperature (biquadratic) 

• The capacity of the GHP as a function of water and air temperature (biquadratic) 

• The efficiency of the GHP as a function of airflow fraction (quadratic or cubic) 

• The capacity of the GHP as a function of airflow fraction (quadratic or cubic) 

• The efficiency of the GHP as a function of water flow fraction (quadratic or cubic) 

• The capacity of the GHP as a function of water flow fraction (quadratic or cubic). 

The EnergyPlus auxiliary program HVAC Performance Curve Fit Tool was used to develop the 

biquadratic curves for capacity and EIR as a function of air temperature and water temperature.8 

The tool is designed for direct expansion coil performance curves, but considering the similarity 

of the curve requirements between these two coils, it is reasonable to use the same tool for 

GHPs. 

After generating coefficients with the spreadsheet-based tool from EnergyPlus, we compared the 

original manufacturer catalog data with the curve-fit data to ensure the correctness of the curve 

coefficients. These comparisons are documented in the appendix. 

Curves here were generated based on data for a variable-speed WaterFurnace 7 Series 3-ton GHP 

unit (WaterFurnace SDW7-0018W9). This unit comes from a major U.S. manufacturer and 

includes data in a format that is easy to translate into EnergyPlus inputs. Although this is a fully 

variable-speed unit, the specification sheet for this unit only includes the performance of the unit 

at full-load and part-load conditions, similar to what is shown for two-stage units. Although the 

model can handle additional speeds, specification sheets for products that included additional 

speeds did not have all the details necessary to translate into the required EnergyPlus inputs. 

Curves for the unit performance were derived in a similar manner as for the two-stage unit, and 

the overall equations for efficiency and capacity as a function of water and air temperature have 

the same form as what it used for the two-stage10 and single-stage units.11 As a result, only two 

sets of curves, for full and part load, are shown here. Unlike the two-stage coil, a part-load curve 

is not applied when the load is less than the part-load conditions because the equipment is 

assumed to be able to correctly modulate to very low part-load ratios, whereas a two-stage 

system might be cycling during low loads. The model interpolates when operating between full 

load and part load in a way that can account for the real variable-speed performance. The pump 

used here is also assumed to be truly variable speed, so water flow rates will vary proportionally 

to the load rather than running at fixed low and high speeds, like the two-stage equipment. 

 
8 https://bigladdersoftware.com/epx/docs/24-2/auxiliary-programs/performance-data.html#performance-data  
9 https://www.waterfurnace.com/literature/7series/SDW7-0018W.pdf  
10 https://docs.nlr.gov/docs/fy26osti/95034.pdf  
11 https://docs.nlr.gov/docs/fy26osti/95032.pdf  

http://www.nlr.gov/publications
https://bigladdersoftware.com/epx/docs/24-2/auxiliary-programs/performance-data.html#performance-data
https://www.waterfurnace.com/literature/7series/SDW7-0018W.pdf
https://docs.nlr.gov/docs/fy26osti/95034.pdf
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Quadratic curves for the impact of airflow and water flow on efficiency and capacity can be 

generated by fitting directly to the published data of a product at rated conditions. Because these 

curves are simpler and comprise fewer points, a simple quadratic regression can yield a good fit 

for each curve. Cubic fits could be used if they yield better results, but they would require 

additional data of a shape where the impact would be meaningfully affected. Variable-speed 

equipment also sees a wider range of water and airflow conditions during operation because it 

modulates to match the load, rather than cycling at low loads. 

Figure 1–Figure 24 show the performance curves for the variable-speed GHP. 

2.2.2.1 Full-Load Heating 

 
Figure 1. Full-load heating efficiency (EIR) as a function of air temperature (oC) and water 

temperature (oC) 

 

 

Figure 2. Full-load heating capacity (W) as a function of air temperature (oC) and water 
temperature (oC) 
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Figure 3. Full-load heating efficiency (EIR) as a function of airflow 

 

 
Figure 4. Full-load heating capacity as a function of airflow 
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Figure 5. Full-load heating efficiency (EIR) as a function of water flow 

 

 
Figure 6. Full-load heating capacity as a function of water flow 

2.2.2.2 Full-Load Cooling 

 

Figure 7. Full-load cooling efficiency (EIR) as a function of air temperature (oC) and water 
temperature (oC) 
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Figure 8. Full-load cooling capacity (W) as a function of air temperature (oC) and water 
temperature (oC) 

 

 
Figure 9. Full-load cooling efficiency (EIR) as a function of airflow 
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Figure 10. Full-load cooling capacity as a function of airflow 

 

 
Figure 11. Full-load cooling efficiency (EIR) as a function of water flow 
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Figure 12. Full-load cooling capacity as a function of water flow 

2.2.2.3 Part-Load Heating 

 

Figure 13. Part-load heating efficiency (EIR) as a function of air temperature (oC) and water 
temperature (oC) 

 

 
Figure 14. Part-load heating capacity (W) as a function of air temperature (oC) and water 

temperature (oC) 
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Figure 15. Part-load heating efficiency (EIR) as a function of airflow 

 

 
Figure 16. Part-load heating capacity as a function of airflow 
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Figure 17. Part-load heating efficiency (EIR) as a function of water flow 

 

 
Figure 18. Part-load heating capacity as a function of water flow 

2.2.2.4 Part-Load Cooling 

 

Figure 19. Part-load cooling efficiency (EIR) as a function of air temperature (oC) and water 
temperature (oC) 
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Figure 20. Part-load cooling capacity (W) as a function of air temperature (oC) and water 
temperature (oC) 

 

 
Figure 21. Part-load cooling efficiency (EIR) as a function of airflow 

 

 
Figure 22. Part-load cooling capacity as a function of airflow 
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Figure 23. Part-load cooling efficiency (EIR) as a function of water flow 

 

 
Figure 24. Part-load cooling capacity as a function of water flow 
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two-stage GHP document about the EnergyPlus pump power EMS program, a pump mass flow 

rate EMS program is therefore needed for variable-speed GHP models to account for the varying 

water flow rates below the first specified speed and to account for the impact on coil 

performance. 

EMS is an advanced feature in EnergyPlus to develop custom control and modeling routines. It 

allows users to write their own computer programs to override selected aspects of EnergyPlus 

modeling. In this case, the pump mass flow rate is overridden and recalculated in the EMS 

program for every time step when the heat pump is operating below the first specified speed. 

This program is combined with the program previously described in the two-stage GHP report 

that changes the pump power below the lowest specified speed to correctly model the pump 

behavior of variable-speed GHP units. 

EnergyPlus-predicted heating and cooling loads are reported and used in the EMS program along 

with the system nominal capacities to calculate the fraction of full load for the GHPs. The pump 

mass flow rate is calculated based on the fraction of full load. Whenever the pump mass flow 

rate is below the first specified speed of a variable-speed GHP, it will be overridden to overcome 

the EnergyPlus limitation mentioned in the two-stage GHP document. 

Because the two-stage and variable-speed GHP models use the same EnergyPlus HVAC objects, 

they share the same basic model structure with different inputs and performance curves 

processed from their respective equipment manufacturer data. This means that the EnergyPlus 

node water flow rate limit bug fix described in the two-stage document will be applied to both 

types of GHP systems when EnergyPlus 25.1.0 or later is used for ResStock. 

By combining all these efforts, OpenStudio-HPXML can model the desired GHP operations with 

the correct interactions between pumps and heat pump coils and give satisfying results for the 

variable-speed GHP systems. 

2.3 Limitations and Concerns 

In addition to the limitations and concerns discussed in the prior single-stage and two-stage GHP 

documents, the following concerns are unique to variable-speed GHPs: 

• EMS program flow rate calculation: The EMS program used for variable-speed GHPs 

calculates the pump mass flow rate based on the steady-state heat pump capacities. 

Although this approach is sufficient for most conditions, it could introduce minor 

differences in the mass flow estimates, which could slightly affect flow-rate-dependent 

capacity and efficiency curves. 

• Limited compressor speed data: Only two speeds are explicitly modeled due to 

limitations in the manufacturer data for the variable-speed unit used here. Interpolation 

between these speeds, along with water flow and airflow-rate-dependent curves, is 

applied to represent performance across the full operating range. 

• Part-load representation: Unlike single- or two-stage systems, no part-load ratio to part-

load fraction curve is applied for the variable-speed model. In EnergyPlus, the system is 

assumed to continuously modulate between 0 and 100% capacity, even at very low-load 

fractions. In reality, at extremely low-load conditions (for example, 5% of the maximum 

load), even variable-speed equipment might cycle on and off to meet the load seen during 
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the time step in EnergyPlus. Because of the small amount of time and energy spent at 

fractions such as 5% or below, this better captures the overall energy performance of this 

equipment. 
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3 Results 

3.1 Annual Stock Savings 

Figure 25 shows the annual energy consumption of homes with baseline HVAC and three 

different GHP options (single stage, two stage, and variable speed) for comparison. For the 

overall housing stock (top)—including homes ineligible for GHP upgrades—variable-speed 

GHPs could save as much as 35% of the energy consumed by residential buildings, compared to 

24% saved by single-stage GHPs. The variable-speed GHP systems represent a substantial 

efficiency improvement over existing air conditioners and air-source heat pumps used for 

cooling, such that the energy savings outweigh the addition of cooling in homes that do not have 

cooling in the baseline, leading to positive cooling energy savings nationwide. When only 

considering the portion of the housing stock in which GHPs can be installed (see Section 2 for 

the applicability criteria of this measure), variable-speed GHPs reduce the homes’ energy 

consumption by 46%, compared to 31% for single-stage GHPs. 
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Figure 25. Annual energy consumption of dwelling units in the baseline and with single-stage, 
two-stage, and variable-speed GHP upgrades. The top figure shows all dwellings, including those 
the GHP upgrade might not apply to, while the bottom figure is filtered to show only the applicable 

buildings in both the baseline and upgrade scenarios. 

Figure 26 shows the annual energy consumption by baseline heating fuel for dwellings to which 

the GHP measures apply. Variable-speed GHPs reduce energy use by 50% for homes currently 

using natural gas for heating. Substantial savings are also seen in homes using other heating 

fuels. Variable-speed GHPs are the most efficient GHP option, and moving from two-stage to 

variable-speed GHPs generally provides lower incremental energy savings for heating but higher 

savings for cooling than moving from single-stage to two-stage GHPs. 
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Figure 26. Annual energy consumption for the baseline, single-stage GHP, two-stage GHP, and 
variable-speed GHP upgrades for dwellings separated by baseline heating fuel 

Figure 27 shows the annual energy consumption by Building America climate zone for dwellings 

to which the GHP measures apply. GHPs can provide substantial savings across all climate 

zones, with variable-speed GHPs consistently providing the most savings. In cold climates, 

where most dwelling units are located, variable-speed GHPs reduce energy consumption by 

54%. 
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Figure 27. Annual energy consumption for the baseline, single-stage GHP, two-stage GHP, and 
variable-speed GHP upgrades for dwellings separated by Building America climate zone 

3.2 State Average Energy Savings and GHP Efficiency 

Figure 28 shows the annual heating energy savings of variable-speed GHPs compared to the 

baseline. Heating energy savings are generally slightly larger in heating-dominated climates, but 

the heating savings overall are generally consistent across climate zones, ranging from 65% to 

80% compared to the baseline. Because the Southeast is largely heated by electricity, whereas 

the rest of the contiguous United States largely uses combustion fuels for heating, heating energy 

savings are lowest in that region. Some heat losses for combustion heating systems are due to the 

exhaust of combustion gases, resulting in less efficient heating. 
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Figure 28. Annual heating energy savings for a variable-speed GHP over the baseline 

Figure 29 shows the annual cooling energy savings of variable-speed GHPs compared to the 

baseline. All states experience cooling energy savings, unlike in the single- and two-stage GHP 

upgrade scenarios, in which some states in colder climate zones experienced negative cooling 

energy savings due to the higher portion of homes without baseline cooling systems. Vermont 

has the lowest savings because it has the most homes that lack cooling equipment in the baseline, 

so although the variable-speed GHP is more efficient than the existing cooling equipment, a 

large number of homes that previously lacked cooling equipment offset a portion of the overall 

cooling energy savings. Outside of that outlier, all other states have average cooling energy 

savings of more than 50%, even when considering that not all homes in the baseline had cooling 

equipment. 

http://www.nlr.gov/publications


25 

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications. 

 

Figure 29. Annual cooling energy savings for a variable-speed GHP over the baseline 

Figure 30 and Figure 31 show the average simulated COP of the variable-speed GHP for heating 

and cooling, respectively. Heating efficiency is highest in warmer climates, and cooling 

efficiency is highest in cooler climates, a consistent trend for all GHPs regardless of the 

compressor type. Even in colder climates, the variable-speed GHP can meet the heating load 

with an average COP of more than 3. The variable-speed GHP can achieve very high average 

cooling efficiencies in the northern states; however, because cooling is rarely used in these states, 

the absolute energy savings of cooling in states like Montana is modest. 
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Figure 30. Average simulated heating COP of a variable-speed GHP by state 

 

Figure 31. Average simulated cooling COP of a variable-speed GHP by state 
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3.3 Annual Energy Bill Impact for Applicable Dwelling Units Only 

Energy bills for applicable dwelling units only are shown in the following figures. On average, 

energy bills decreased by 24% for the variable-speed GHP. This is a greater percent savings than 

the single-stage GHP, at 3% savings, and it is double the two-stage GHP, which showed an 11% 

savings. The average energy bill for the variable-speed GHP is shown in Figure 32. All fuel costs 

decreased on average. 

 

Figure 32. Average annual energy bill categorized by fuel type for dwelling units that received the 
variable-speed GHP 

Figure 33 shows that the variable-speed GHP average energy bill is 22% less than the single-

stage GHP energy bill and 11% less than the two-stage GHP energy bill. 

 

Figure 33. Average annual energy bill comparison between the single-stage, two-stage, and 
variable-speed GHP categorized by fuel type for applicable dwelling units only 
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For the variable-speed GHP, Figure 34 shows that the average energy bill decreased across all 

Building America climate zones. 

 

Figure 34. Average annual energy bill categorized by Building America climate zone for applicable 
dwelling units only 

Figure 35 compares the average annual energy bills for single-stage, two-stage, and variable-

speed GHPs. Variable-speed GHPs have the lowest average energy bills, with most of the 

savings from electricity. 

 

Figure 35. Average annual energy bill comparison categorized by Building America climate zone 
for single-stage (single-speed), two-stage (two-speed), and variable-speed (variable-speed) GHPs 
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3.4 Electric Panel Impact 

This section details the impact the variable-speed GHP upgrade will have on electrical panels. 

The modeling assumptions and details about electric panels in ResStock can be found in the 

single-stage GHP documentation (Maguire et al. 2025a). 

First, Figure 36 and Figure 37 show information about the ResStock 2025 Release 1 baseline 

housing stock electric panel distribution. The first column in Figure 36, “All,” shows that 

approximately 35% of all dwelling units have 0 or only 1 breaker space available. The first 

column in Figure 37 shows that 97.7% of electric panels have no existing capacity constraint for 

the baseline housing stock, but the other 2.3% of electric panels already have an existing 

capacity constraint. 

Capacity constraints in the existing baseline 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. But 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. 

Before this variable-speed GHP retrofit would take place, the panels experiencing a capacity 

constraint would likely need to address this issue first. Users are encouraged to alternatively 

analyze the constraint outcomes by excluding homes whose preexisting capacity constraint is not 

worsened by the upgrade. 

 

Figure 36. Baseline electric panel breaker spaces by electric panel service rating 
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Figure 37. Baseline electric panel constraint type by electric panel service rating 

Figure 38 shows the distribution of panel constraints overall (first column) and then by heating 

fuel for dwelling units that receive the variable-speed GHP. It is estimated that approximately 

38% of the dwelling units upgrading to a variable-speed GHP will experience either a capacity 

and/or space constraint, and the other 62% will experience no constraint. Looking more closely 

at the results, and understanding that natural gas is the predominant heating fuel across the 

United States, as shown in Figure 26, these results are heavily weighted by dwelling units that 

have natural gas as their original heating fuel. 
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Figure 38. Distribution of panel constraints by heating fuel 

The next three figures show percentages of dwelling units for each state that would have some 

type of electric panel constraint after the variable-speed GHP upgrade. Figure 39 shows a range 

from 11% to 70% of dwelling units that would have either a capacity and/or a space constraint 

after the variable-speed GHP. Specifically looking at the space constraints, Figure 40 shows a 

smaller range, from approximately 4% to 53% of dwelling units that would have a space 

constraint. Finally, Figure 41 shows a range from roughly 7% to 48% of dwelling units that 

would have a capacity constraint. 
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Figure 39. Percentage of dwelling units with an electric panel constraint (capacity and/or space) 
by state after a variable-speed GHP 

 

Figure 40. Percentage of dwelling units with an electric panel space constraint by state after a 
variable-speed GHP 
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Figure 41. Percentage of dwelling units with an electric panel capacity constraint after a variable-
speed GHP 
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Appendix. Comparison Between Curve Fits and 
Manufacturer Data for Variable-Speed GHP Curves 

 

Figure A-1. Full-load heating curve-fit energy input ratio (EIR) results verified against 
manufacturer catalog data 
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Figure A-2. Full-load heating curve-fit capacity results verified against manufacturer catalog data 
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Figure A-3. Full-load cooling curve-fit EIR results verified against manufacturer catalog data 

 

 

Figure A-4. Full-load cooling curve-fit capacity results verified against manufacturer catalog data 
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Figure A-5. Part-load heating curve-fit EIR results verified against manufacturer catalog data 
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Figure A-6. Part-load heating curve-fit capacity results verified against manufacturer catalog data 
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Figure A-7. Part-load cooling curve-fit EIR results verified against manufacturer catalog data 

 

 

Figure A-8. Part-load cooling curve-fit capacity results verified against manufacturer catalog data 
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