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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 Single-Stage 
Geothermal Heat Pump (GHP). Single-stage GHPs reduce stock-level site energy consumption 
by 24% (Figure 18). Additional results provided below detail how savings changes for sections 
of the housing stock with different base heating fuel and in different climate zones, as well as 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 Single-Stage Geothermal Heat Pump 
Accessing Results 
This documentation covers the “Residential Single-Stage Geothermal Heat Pump (3.8 
Coefficient of Performance [COP], 18.6 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 resstock.nlr.gov. 

Measure Summary 

Table 1. Upgrade Measure Overview 

Measure Title Residential Geothermal Heat Pump (3.8 COP, 18.6 EER)—Single-Stage 
Compressor, Water-to-Air Geothermal Heat Pump with Vertical Ground 
Heat Exchanger 

Measure 
Definition 

This upgrade measure replaces the HVAC system in any existing dwelling unit in 
a building less than 8 stories with either ducted heating or cooling with a single-
stage compressor, variable-speed fan, water-to-air geothermal heat pump (GHP) 
with vertical ground heat exchanger.  

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 <8 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. 6.4% of the residential units that receive the 
GHP upgrade lack existing space cooling systems in the baseline. See Section 
2.1 for further details of the applicability of this measure. 

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

• Shared HVAC (across multiple units) in high-rise (≥8 floors) buildings (e.g., 
multifamily residential buildings) 

• Dwelling units without air ducts. 

These constraints exclude 25% 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 2025 Release 1: 2025/resstock_amy2018_release_1 

Project 
Configuration 
File(s) 

ResStock’s 2025 Standard Data Release 1 project file. 

https://resstock.nlr.gov/
https://github.com/NREL/resstock/blob/develop/project_national/sdr_upgrades_amy2018.yml
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1 Technology Summary 
1.1  Introduction to Geothermal Heat Pumps 
Geothermal heat pumps (GHPs),1 also known as ground-source heat pumps, provide space 
heating and cooling in buildings. What differentiates a GHP from other heat pump technologies 
is that GHPs use the naturally stable ground temperature and ability of the subsurface to store 
thermal energy to heat and cool a building. There are two main parts of a GHP: (1) the ground 
heat exchanger loop, sometimes referred to as the ground loop, which consists of a set of fluid-
filled pipes buried underground that transfers heat between the ground and the heat pump, and 
(2) the heat pump system that distributes conditioned air (or water) to the building. During the 
winter, GHPs extract heat from the ground by circulating a working fluid in the ground heat 
exchanger. The thermal energy absorbed by the fluid is then used by the heat pump to transfer 
the absorbed heat to the building. During the summer, the system is reversed, using the ground as 
a heat sink to provide cooling to the building.  

GHPs are classified by the configurations of their ground heat exchanger and heat pump. The 
heat pump can either be a water-to-air or a water-to-water (also called “hydronic”) system. There 
are four basic ground heat exchanger types: closed-loop horizontal, closed-loop vertical, closed-
loop surface water systems, and open-loop systems.2 Closed-loop horizontal systems run the 
ground heat exchanger close to the surface in shallow trenches, which requires sufficient land 
available for horizontal loop installation. Closed-loop vertical systems run the ground heat 
exchanger in vertical boreholes and require less land area than horizontal systems. Closed-loop 
surface water systems use a nearby body of water as the heat exchanger in the ground heat 
exchanger. Open-loop systems allow the fluid in the ground heat exchanger to be exchanged 
with a well or body of water. In some instances, these open-loop systems require clean water and 
must meet local groundwater regulations. Another GHP configuration is a direct geo-exchange 
system, which uses the refrigerant lines of the heat pump as the working fluid in the ground heat 
exchanger rather than a water and antifreeze (usually propylene glycol) mixture. 

By rejecting or absorbing thermal energy from the ground, GHPs have a relatively stable cooling 
and heating performance, as the ground temperature remains relatively constant throughout the 
year. In contrast, air-source heat pumps (ASHPs) draw thermal energy from the outdoor air. As 
the outdoor air temperature decreases, the ASHP has less ability to transfer heat from the air to 
the building. For ASHPs, this results in less efficient performance at extreme cold temperatures. 
To meet the heating demand when outdoor air temperatures are very low (Sergici, et al. 2023), 
less efficient backup electric resistance heat is generally used for ASHPs. In a situation with a 
large deployment of ASHPs in cold climates, the coldest hours of the year could result in large 
winter peak demand that utilities would have to manage (Murphy, Hagerty and Weiss 2020, 
Sergici, et al. 2023). GHPs could help reduce winter peak demand, as their performance is less 
affected by cold outdoor temperatures because they rely on stable subsurface ground 
temperatures. However, capital costs for GHPs are generally higher than ASHPs, in large part 
due to the cost associated with installing the ground heat exchanger. There are exceptions; for 

 
1 Also referred to as GeoExchange, earth-coupled, ground-source, or water-source heat pumps: 
https://www.energy.gov/energysaver/geothermal-heat-pumps 
2 Visual representations and discussion of these types can be found at 
https://www.energy.gov/energysaver/geothermal-heat-pumps  

https://www.energy.gov/energysaver/geothermal-heat-pumps
https://www.energy.gov/energysaver/geothermal-heat-pumps
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multifamily buildings the ground heat exchanger could be installed vertically under an existing 
parking lot (Lienau, Boyd and Rogers 1995). For new construction, the ground heat exchanger 
could be installed in the lawn or under the driveway. 

There are several GHP performance levels, 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. 

1.2  Residential GHP Technology Review Summary 
A review of GHPs in the U.S. building stock was performed as part of this work. A detailed 
discussion can be found in Appendix A. The review includes: (1) the number of GHP 
installations, where they were located, and the building types and when the homes were built; (2) 
the most common mechanical systems used in residential GHP installations; (3) the GHPs’ 
heating and cooling performance; and (4) the common ground heat exchanger configurations and 
the frequency of installation. Key takeaways from the review are as follows: 

• There are approximately 1.28–2 million GHPs in the U.S. residential building stock 
(Gertler, Steeves and Wang 2025)  

• Tennessee, North Carolina, Florida, Texas, and Alabama make up almost 40% of 
residential GHP installations. Almost 85% of GHPs are in the IECC 2012 (Burleyson, 
2012) moist climate zones, 2A–5A. Climate zone 4A has the most GHP installations, 
with about 30% of total installations (U.S. EIA 2023). 

• About 70% of GHP installations are in homes that were built since the 1980s and 
primarily are in single-family housing (U.S. EIA 2023). 

• Approximately 75% of GHP installations are in new construction and 25% of GHP 
installations are in retrofit systems (U.S. EIA 2023). 

• The most common ground heat exchanger configurations are vertical and closed-loop 
systems (Battocletti and Glassley 2013). 

• Water-to-air heat pumps are the most common type of geothermal mechanical equipment 
used to deliver heating and cooling to residential buildings (Battocletti and Glassley 
2013). 
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2 Modeling Approach 
2.1  Applicability 
The single-stage 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 of <8 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 71% of the existing 
residential building stock. Units that receive the GHP upgrade that do not have existing cooling 
systems make up 6.4%. These applicability rules are further described below. 

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 Guide 
(Reyna et al. 2025).  

2.1.1 Exclusion of Dwellings Without Air Ducts 
Dwellings without ducts are excluded from this upgrade measure because they would need to 
install a new ductwork system, which would increase the cost of the upgrade measure. The 
current modeling approach also does not have an option for a GHP hydronic (water-to-water) 
system (i.e., that would not require installation of a new duct system), which is roughly 22% of 
the stock. 

2.1.2 Exclusion of High-Rise Shared HVAC Dwellings 
High-rise (8+ stories) dwellings with shared HVAC are excluded from this upgrade measure 
because the outdoor units would have to be mounted directly outside the unit in the high-rise 
building, creating a uniquely complicated maintenance environment.3 Due to the current unit-
based multifamilty modeling approach in ResStock, these buildings are also complicated to 
accurately model the application of a GHP upgrade. Because these dwellings only comprise 1% 
of the total building stock, this housing segment was not upgraded. 

 
3 Multifamily units without shared HVAC systems are included in the upgrade regardless of the number of stories in 
the building. 
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2.1.3 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 will 
increase cooling energy consumption of those dwellings that were not already 100% cooled. The 
cooling level increase for all applicable dwellings is implemented because heat pumps in this 
measure upgrade will be sized to cool the entire dwelling. 

Units that receive the GHP upgrade that do not have an existing cooling system make up 6.4% of 
the residential stock. Units with less than 100% (anywhere from 80% to 0%) of the floor area 
cooled make up about 33% of the stock. These units will see an increase in energy consumption 
because of the added service. 

2.1.4 Exclusion of “Other Fuel” and “None” Heating Fuels 
Dwellings with “Other Fuel” or “None” 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) and the number of 
dwellings this affects is relatively small. “Other Fuel” includes fuels like wood and coal, which 
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 since dwellings 
with “Other Fuel” or “None” heating fuels comprise approximately 2.9% of the total building 
stock. The “Other Fuel” in ResStock is largely composed of solar heating systems. ResStock 
does not model solar heating systems.  

2.1.5 Exclusion of Low Thermal Conductivity Soils 
We have chosen not to include low thermal conductivity soils in our GHP upgrade logic. In real 
systems, these soil conditions can significantly reduce the performance of ground heat 
exchangers and may require larger, more expensive loop fields to maintain system efficiency. 

When we try to model these scenarios, we often run into simulation failures or unstable results. 
These issues make it difficult to trust the upgrade impacts, especially when scaling across a large 
number of homes. Additionally, soil thermal properties can vary a lot and may not be well 
represented in the data we have, which adds more uncertainty. 

The result is that we are not applying these GHPs to units with a ground thermal conductivity of 
0.5 Btu/hr-ft-F to 0.8 Btu/hr-ft-F which make up 7.6% of the total building stock based on (X. 
W. Liu 2016). This helps ensure the model results are reliable and representative of scenarios 
where GHPs are more likely to perform well in practice. 

2.2 OpenStudio-HPXML Single-Stage GHP Model 

2.2.1 OpenStudio-HPXML Overview 
OpenStudio-HPXML is a workflow, developed by the National Laboratory of the Rockies 
(NLR), used for modeling residential buildings. This workflow uses the HPXML (Home 
Performance eXtensible Markup Language) standard for defining all the properties of a building 
that affect energy consumption, such as square footage, the type and efficiency of heating and 
cooling equipment, setpoints for heating and cooling, etc. NLR leads the development of this 

https://github.com/NREL/OpenStudio-HPXML
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standard alongside a working group including a variety of industry stakeholders for determining 
what features are included in the standard, including updates to cover new technologies and 
additional inputs as appropriate. The OpenStudio-HPXML workflow uses a series of OpenStudio 
measures to translate an HPXML file into an EnergyPlus® input file to simulate the energy 
consumption of the building with the given inputs in a standard, repeatable way. The model 
outputs are time-series and annual energy consumption by end use and may also include outputs 
derived from energy consumption, such as utility bills. More information about the OpenStudio-
HPXML workflow can be found at the OpenStudio-HPXML documentation (NREL 2023). 

OpenStudio-HPXML has had the ability to model GHPs for over 10 years, but the methods and 
assumptions it used have not been documented. More details of the approach that were 
maintained from the initial implementation through the current approach are contained in 
Appendix B.  

The GHP model implemented in OpenStudio-HPXML adds a GHP, the ground heat exchanger 
loop, and any associated distribution equipment (pumps and fans). Fixed sizes of equipment may 
be entered, but the most common use case is to “autosize” both the ground heat exchanger and 
the heat pump. When autosizing, the design heating and cooling loads are calculated in 
accordance with Air Conditioning Contractors of America (ACCA) Manual J (ACCA 2016) and 
ACCA Manual S (ACCA 2014) using a routine included in OpenStudio-HPXML. ACCA 
Manual J is a design-day method for calculating residential building loads. The outdoor air 
temperature for heating and cooling is picked as the “99%” temperature, meaning only 1% of 
hours of the year are colder or hotter, respectively, than the design temperature. ACCA Manual S 
sizes the equipment based on the calculations in ACCA Manual J. Equipment that meets both 
heating and cooling loads, such as heat pumps, is sized based on the cooling load unless a system 
is installed for heating only (which is possible in the workflow but uncommon in practice). 
However, the ground heat exchanger is always sized based on the larger of the heating and 
cooling loads to ensure that sufficient length is installed to prevent substantial unmet loads in 
cooling-dominated climates. A high-level overview of the workflow, including the ground heat 
exchanger sizing routine, is shown in Figure 1. The ground heat exchanger length is calculated 
following the equipment sizing routines. The length of the heat exchanger informs the number of 
boreholes, the depth of the boreholes, and the ground heat exchanger configuration. Finally, the 
g-functions are selected using a lookup table. G-functions are nondimensionalized ground 
temperature response functions that can be precalculated for specific ground heat exchanger 
geometries, and including a precalculated library within the workflow greatly reduces the 
simulation time required. Details of each step are outlined in the subsequent sections. 

https://openstudio-hpxml.readthedocs.io/en/latest/?badge=latest
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Figure 1. Overview of OpenStudio-HPXML GHP (sometimes referred to as “ground source heat 

pump” or “GSHP”) workflow 

The ResStock building stock energy model contains conditional probability distributions of 
building characteristics that are representative of the contiguous U.S. residential building stock. 
These are sampled to create a synthetic stock where each sample has an assigned option for each 
characteristic for each dwelling unit to be simulated. ResStock uses 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.  

ResStock uses the single-unit workflow of OpenStudio-HPXML, which is designed to simulate 
individual residential dwelling units rather than entire buildings. In the case of multifamily or 
single-family attached units, this means that only a single representative unit is modeled, not the 
full structure or all attached units. This approach enables scalable and efficient modeling across a 
large housing stock, but it also affects system-level design outcomes, particularly for shared 
HVAC systems. 

Because each unit is treated independently in the simulation, the ground heat exchangers are 
sized to meet the thermal loads of that individual unit alone. This can result in smaller loop field 
requirements per simulation than would be observed in practice, where multiple units often share 
a common loop field in multifamily systems. Additionally, this simplification does not account 
for thermal interactions between units, shared infrastructure efficiencies, or diversity in load 
profiles that could impact system sizing and performance in a multi-unit building. As a result, 
while the ResStock framework provides valuable insights into unit-level energy use and retrofit 
impacts, care must be taken when interpreting or extending its GHP results to real-world multi-
unit or centralized system designs. 

For reference, the state of the OpenStudio-HPXML repository when the ResStock 2025 Release 
1 dataset was created can be found on the ResStock GitHub repository.4 Assumptions about the 
GHP upgrades that are not explicitly defined in ResStock are taken care of in the 
BuildResidentialHPXML measure.5 For information on how OpenStudio-HPXML handles 
controls in ResStock Dataset 2025 Release 1, see the ResStock GitHub repository,6 and for 

 
4 https://github.com/NatLabRockies/resstock/tree/v3.4.0/resources/hpxml-measures  
5 https://github.com/NatLabRockies/resstock/tree/v3.4.0/resources/hpxml-measures/BuildResidentialHPXML  
6 https://github.com/NatLabRockies/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-
measures/HPXMLtoOpenStudio/resources/defaults.rb#L2429-L2489  

https://github.com/NatLabRockies/resstock/tree/v3.4.0/resources/hpxml-measures
https://github.com/NatLabRockies/resstock/tree/v3.4.0/resources/hpxml-measures/BuildResidentialHPXML
https://github.com/NatLabRockies/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L2429-L2489
https://github.com/NatLabRockies/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L2429-L2489
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information on how it handles distribution see the ResStock GitHub repository.7 The following 
subsections will go through the ResStock inputs and the defaults calculated by 
BuildResidentialHPXML for the single-stage GHP upgrade discussed in this documentation. 
Most defaults highlighted from the BuildResidentialHPXML measure stem from the 
apply_hvac()8, apply_hvac_sizing()9, and get_hvac_compressor_type()10 methods found in 
OpenStudio-HPXML’s defaults.rb11 file. Note: the defaults.rb file calls methods from various 
ruby files within the directory in which it resides.12 

OpenStudio-HPXML’s apply_ground_to_air_heat_pump()13 method is used to apply single-
stage coil objects: 

• CoilCoolingWaterToAirHeatPumpEquationFitVariableSpeed 
• CoilHeatingWaterToAirHeatPumpEquationFitVariableSpeed. 

The reason we are using variable-speed objects is to ensure model assumptions, workflow, and 
input consistency between the residential single-stage, two-stage, and variable-speed compressor 
capabilities in OpenStudio-HPXML. The variable-speed object can have only a single speed 
specified and will then behave as if using a single-speed object but has curves of the same form 
as the other GHP options. 

2.2.2 Fan and Pump Assumptions 
Assumptions made about the fan and pump size have an impact on the nominal efficiency of the 
GHP, which in turn impacts the overall energy consumption results. The EnergyPlus models 
require a gross COP, without any impact from the fan and pump, as an input because the fan and 
pump are modeled separately. Specification sheets for GHPs list the performance across a wide 
range of conditions, but these represent the net performance (including the impact of the heat 
from the fan and pump), not the gross (without the fan and pump). More information on 
converting net to gross can be found in (Cutler 2013). Since we are calculating the size of the 
GHP as part of the HVAC equipment sizing and explicitly modeling the fan and pump, we need 
to be able to go from the net to the gross capacity so that we do not include the impact of heat 
gains from these devices twice. These net-to-gross calculations need to be updated to correctly 
reflect the impact of both the fan heat and the pump. EnergyPlus models the fan and pump 
separately, so the proper model input for the coil object is the gross COP without any impact 
from the fan and pump. 

 
7 https://github.com/NatLabRockies/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-
measures/HPXMLtoOpenStudio/resources/defaults.rb#L2495-L2640  
8 https://github.com/NatLabRockies/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-
measures/HPXMLtoOpenStudio/resources/defaults.rb#L1832-L2350  
9 https://github.com/NatLabRockies/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-
measures/HPXMLtoOpenStudio/resources/defaults.rb#L4029-L4033  
10 https://github.com/NatLabRockies/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-
measures/HPXMLtoOpenStudio/resources/defaults.rb#L5302  
11 https://github.com/NatLabRockies/resstock/blob/v3.4.0/resources/hpxml-
measures/HPXMLtoOpenStudio/resources/defaults.rb   
12 https://github.com/NatLabRockies/resstock/tree/v3.4.0/resources/hpxml-
measures/HPXMLtoOpenStudio/resources  
13 https://github.com/NatLabRockies/resstock/blob/c832c19668561f31f2ff1bcc34828d60f518fec5/resources/hpxml-
measures/HPXMLtoOpenStudio/resources/hvac.rb#L555-L928  

https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L2495-L2640
https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L2495-L2640
https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L1832-L2350
https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L1832-L2350
https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L4029-L4033
https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L4029-L4033
https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L5302
https://github.com/NREL/resstock/blob/f2d372026f2860cc0f6e62f52ff1d20a3ace055c/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb#L5302
https://github.com/NREL/resstock/blob/v3.4.0/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb
https://github.com/NREL/resstock/blob/v3.4.0/resources/hpxml-measures/HPXMLtoOpenStudio/resources/defaults.rb
https://github.com/NREL/resstock/tree/v3.4.0/resources/hpxml-measures/HPXMLtoOpenStudio/resources
https://github.com/NREL/resstock/tree/v3.4.0/resources/hpxml-measures/HPXMLtoOpenStudio/resources
https://github.com/NREL/resstock/blob/c832c19668561f31f2ff1bcc34828d60f518fec5/resources/hpxml-measures/HPXMLtoOpenStudio/resources/hvac.rb#L555-L928
https://github.com/NREL/resstock/blob/c832c19668561f31f2ff1bcc34828d60f518fec5/resources/hpxml-measures/HPXMLtoOpenStudio/resources/hvac.rb#L555-L928
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Fan and Pump Power Contribution 
In the OpenStudio-HPXML workflow, an electronically commutated motor (ECM) fan, with a 
power consumption (𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) of 0.375 W/cfm, is assumed if the net COP of the unit is above 
2.73, and below that a permanent split capacitor (PSC) fan with a power of 0.5 W/cfm is 
assumed. This assumption is based on assumptions made in Home Energy Score (U.S. DOE 
2021). The fan airflow rate is sized to be 400 cfm/ton of capacity. The rated fan power per cubic 
feet per minute (cfm) of airflow is estimated to be half of the total fan power. This is because 
about 50% of the fan’s power is assumed to overcome the resistance in the ductwork.14  

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓 =
𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟
𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 

Where: 

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: Power consumed by the fan per airflow rate (W/cfm) 

𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠: Adjustment factor to overcome resistance in the ductwork (50%) 

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟: Rated power of the fan per airflow rate (W/cfm) 

𝐹𝐹𝑓𝑓𝑓𝑓𝑓𝑓,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: Fan airflow rate per ton of capacity (400 cfm/ton) 

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟: Unit conversion from tons to Btu/hr = 12,000 (Btu/hr)/ton 

𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓: Rated power of the fan in W/(Btu/hr) of capacity 

The pump is assumed to consume 80 W/ton of capacity15 (𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝).  

𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟
 

Where: 

𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝: Pump power per capacity (80 W/ton) 

  

 
14 ANSI/RESNET/ICC 301 says 0.2 W/cfm is the fan power associated with ductwork but does not specify if that 
was a PSC or BPM fan. 
15 This value was determined based on a rough manufacture website search and some internal discussion. 
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Cooling and Heating Efficiency Adjustment 

Removing the impact of the fan and pump power from the coil object gross energy input ratio 
(EIR) and COP for heating and cooling uses the equations below. 

𝐸𝐸𝐸𝐸𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑊𝑊,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟 �
1 − 𝐶𝐶𝑊𝑊,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓

𝐸𝐸𝐸𝐸𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
− 𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� 

𝐸𝐸𝐸𝐸𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =
1 + 𝐶𝐶𝑊𝑊,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓

𝐶𝐶𝐶𝐶𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
− 𝐶𝐶𝑊𝑊,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟�𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� 

Where: 

 𝐸𝐸𝐸𝐸𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: Annual cooling energy efficiency ratio in (Btu/h)/W 

 𝐶𝐶𝐶𝐶𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎: Annual heating coefficient of performance (-) 

 𝐶𝐶𝑊𝑊,𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟: A conversion factor from W to Btu/hr (3.412 Btu/hr/W) 

 𝐸𝐸𝐸𝐸𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Cooling electric input ratio (-) 

 𝐸𝐸𝐸𝐸𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒: Heating electric input ratio (-) 

𝐶𝐶𝐶𝐶𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
1

𝐸𝐸𝐸𝐸𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
     ,     𝐶𝐶𝐶𝐶𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,ℎ𝑒𝑒𝑒𝑒𝑒𝑒 =

1
𝐸𝐸𝐸𝐸𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒

 

Where: 

 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Rated cooling gross COP adjusted for fan and pump performance (-) 

 𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,ℎ𝑒𝑒𝑒𝑒𝑒𝑒: Rated heating gross COP adjusted for fan and pump performance (-) 

2.2.3 Heat Pump Performance Curves  
The curves previously used to represent the performance of the heat pump used when modeling 
GHP systems are based on a series of curves published in a master’s thesis specifically for use in 
EnergyPlus (Tang 2005). However, these curves are based on an older product line, the 
ClimateMaster Genesis series (ClimateMaster 2023a). As this was an existing product when the 
thesis work was performed, these curves are based on technology that is now at least 20 years 
old, and the Genesis series is no longer available. To account for this, we regenerated curves for 
the GHP based on spec sheets for a newer product line available on the market today, the 
Tranquility TS series single-stage GHP (ClimateMaster 2023b), shown in Figure 2. These units 
are from the same U.S.-based manufacturer as was used for the previous curve derivation. 
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Figure 2. Full spec sheet used for generating performance curves 

See ClimateMaster 2017 and 2023b 

The project leveraged the Auxiliary Program: HVAC Performance Curve Fit Tool for generating 
the curves for air-to-air heat pumps in both heating and cooling operation (U.S. DOE 2022). 
These tools are generically designed to fit curves of the appropriate form to two independent 
variables and therefore can also be applied to a GHP by using a water temperature to replace an 
air temperature. Appendix C shows comparisons between the output of the curves and the 
manufacturer’s data that was used to validate this approach before simulations were performed. 
In the intervening years, the performance of this product has generally increased since the initial 
curves were generated, with higher performance at rated conditions as shown in Table 2. This 
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indicates that some improvements have been made, which may be reflected in the performance at 
off-rated conditions as well. 

Table 2. Rated Performance of the Products Used for Developing Performance Curves16 
EER = energy efficiency ratio 

 Cooling Rated EER (Btu/Wh) Heating Rated COP (W/W) 

Original Genesis GS 16.4 3.4 

Newer Tranquility TS 19.1 4.1 

EnergyPlus requires as inputs the efficiency and capacity at a set of nominal conditions, along 
with performance curves that are used to modify the performance at off-rated conditions of 
different incoming water temperatures and air temperatures. These performance curves are 
biquadratic curves, and take the form of: 

𝐸𝐸𝐸𝐸𝐸𝐸_𝑓𝑓𝑓𝑓 = 𝑎𝑎 + 𝑏𝑏𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑐𝑐𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎2 + 𝑑𝑑𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑒𝑒𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤2 + 𝑓𝑓𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 

𝑄𝑄_𝑓𝑓𝑓𝑓 = 𝑓𝑓 + 𝑔𝑔𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + ℎ𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎2 + 𝑖𝑖𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑗𝑗𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤2 + 𝑘𝑘𝑇𝑇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 

Where: 

Q_ft: Heating/cooling output capacity modifier based on temperature 

EIR_fT: Nominal energy input ratio modifier based on temperature. EIR is equal to 
1/COP 

Tair: Dry-bulb temperature of return air entering the heat pump 

Twater: Incoming water temperature entering the heat pump 

a-k: Curve coefficients 

These biquadratic curves have the same form as curves used for air-to-air heat pumps and 
residential heat pump water heaters in EnergyPlus and is the form of curves used with the 
EnergyPlus object “Coil:Heating:WaterToAirHeatPump:VariableSpeedEquationFit” and its 
cooling counterpart. For GHPs, the curves are a function of incoming water temperature and 
indoor air temperature, while for an air-to-air heat pump they are a function of the indoor and 
outdoor air temperature. Other than difference in independent variables, the curves are identical 
in form. EnergyPlus also includes a single-stage version of the object, which uses curves of a 
different form. The variable-speed object allows inputs for one to ten different speeds. The 
single-stage version of the model uses only inputs for a single stage. Other models use different 
numbers of speeds, with details included in their measure documents. 

OpenStudio-HPXML has an existing single-stage GHP model that uses the single-stage version 
of this object “Coil:Heating:WaterToAirHeatPump:EquationFit” and its cooling counterpart. To 

 
16 GHPs typically have three sets of rated conditions in their technical documentation—for water loops, ground heat 
exchangers, and ground water—with different rated conditions (ISO 2021). The values shown here, and expected in 
OpenStudio-HPXML, are for ground heat exchanger configurations. 
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preserve this existing model while also adding the new model, users can choose which version of 
the GHP model they’d like to use. This enables the new model to be used as desired in ResStock, 
while not changing results for users who were using the existing model outside of ResStock but 
within OS-HPXML dependent workflows.  

To generate the performance curves, the specification sheet for the 3-ton single-stage Tranquility 
TS GHP was used (see Figure 2). The 3-ton unit was selected because it is consistent with prior 
work, both in the thesis (Tang 2005) previously used to generate performance curves and the 
prior implementation in OpenStudio-HPXML. The product manual for this unit also includes 
correction factors for performance at different airflow rates, entering air temperatures (both wet 
bulb and dry bulb for cooling performance), and different concentrations of antifreeze. This 
allows the specification sheet to be expanded to additional points covering the full range of 
conditions that may occur during simulation. OpenStudio-HPXML assumes by default that a 
20% mix of propylene glycol and water is used when simulating GHPs, so the antifreeze 
correction was applied to all curves. This is a conservative assumption that attempts to always 
keep the freezing point of the fluid below the ground temperatures likely to be seen in 
simulation, regardless of climate zone. This trades off performance for ensuring that the system 
will never fail due to hitting freezing conditions for the circulating fluid in a configuration with 
unexpectedly low ground temperatures. 

To generate inputs necessary to go from catalog data to performance curves for EnergyPlus, the 
spec sheet data based on incoming temperatures was expanded using the multipliers for indoor 
air temperature corrections. Air temperature corrections account for less impactful differences in 
return air temperature that may occur due to difference in setpoint or ducting configuration and 
generally have less impact than the curves that depend on the incoming fluid temperature due to 
the narrower range of conditions seen. However, accounting for this factor allows for a higher 
number of points to be generated and used when determining curve fits, providing better data for 
modeling. All of the air temperature correction factors were applied, and airflow corrections 
above and below the rated airflow rate were also applied. This led to a total of 450 unique points 
for heating and 462 unique points for cooling. The data point taken as the nominal condition for 
the modeled cooling is entering water temperature: 70°F, entering air temperature: 80°F dry 
bulb/66°F wet bulb, airflow rate: 1,200 cfm, water flow rate: 9 gallons/minute. The data point 
taken as the nominal condition for heating is entering water temperature 70°F, entering air 
temperature 70°F, airflow rate 1,200 cfm, water flow rate 9 gallons/minute. The values used as 
nominal for curve fitting and in the coil objects in EnergyPlus must be consistent, but the exact 
values can be somewhat arbitrary. The curve fitting process was then applied to these points to 
yield the EnergyPlus inputs required. The performance curve coefficients are shown below (see 
equations on the previous page). The following section shows the values calculated based on 
these coefficients. 
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Cooling efficiency curve coefficients:     

• a= 0.627382054 
• b= 0.012489175 
• c= 0.0012720188 
• d= -0.0151581268 
• e= 0.0004164343 
• f= -0.0007259611 

Cooling capacity curve coefficients: 

• g= 0.7353127278 
• h= -0.0035056759 
• i= -0.0000439615 
• j= 0.0204411095 
• k= -0.0000320781 
• l= -0.0001322685 

Heating efficiency curve coefficients: 

• a= 0.627382054 
• b= 0.0124891750 
• c= 0.0012720188 
• d= -0.0151581268 
• e= 0.0004164343 
• f= -0.0007259611 

Heating capacity curve coefficients: 

• g= 0.7353127278 
• h= -0.0035056759 
• i= -0.0000439615 
• j= 0.0204411095 
• k= -0.0000320781 
• l= -0.0001322685 
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2.2.3.1 Full Load Heating 

 

Figure 3. Full load heating EIR as a function of indoor return air (°C) and ground exit water 
temperature (°C) 

 

 

Figure 4. Full load heating capacity as a function of indoor return air temperature (°C) and ground 
exit water temperature (°C) 

2.2.3.2 Full Load Cooling 

 

Figure 5. Full load cooling EIR as a function of indoor return air temperature (°C) and ground exit 
water temperature (°C) 

 

Figure 6. Full load cooling capacity as a function of indoor return air temperature (°C) and ground 
exit water temperature (°C) 

Appendix C shows detailed comparisons of the curve fits to the raw manufacturer’s data. 
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2.2.4  Representing Cycling Within a Simulation Timestep 
EnergyPlus allows users to enter a curve that impacts the efficiency of equipment at part load. 
This curve modifies the efficiency of the unit during times when the equipment only needs to run 
for a portion of the timestep and generally accounts for any losses that may occur due to cycling 
of equipment.17 EnergyPlus uses the part load factor (which is related to the part load ratio by a 
user defined curve, with the specific curve used for GHPs shown in Figure 7) to determine the 
impact of cycling on HVAC equipment, with the efficiency directly proportional to the part load 
factor (which ranges from 0–1).  

A new approach to modeling cycling losses is being applied to GHPs in ResStock that differs 
significantly from the approach used for other residential HVAC systems such as air conditioners 
and ASHPs. Traditional air-to-air systems in EnergyPlus use a simplified method based on the 
coefficient of degradation (cd), typically derived from laboratory testing. A cd value of 0 
indicates no degradation in performance due to cycling, and if the value is not known, 
EnergyPlus assumes a conservative default of 0.25, representing relatively high losses during 
part-load operation. 

For GHPs, curves that relate the part load factor and part load ratio can therefore be used to have 
EnergyPlus account for any cycling losses that might occur for this equipment. For air-to-air 
equipment, a test to determine the coefficient of degradation (cd) is generally performed and 
reported. A cd value of 0 would represent no cycling losses, and if cd is not reported, a worst-case 
value of 0.25 is assumed. However, cd is generally not reported for water-to-air coils like those 
used for GHPs. Nevertheless, a European standard test, EN14825 (European Committee for 
Standardization (CEN) 2022) does capture the impact of cycling and allows for determining a 
way to model these impacts on the overall efficiency of the unit. They report a standby loss 
coefficient Cc. Unlike cd for air-to-air equipment, a value of 1.0 for Cc would represent no 
cycling losses, and a default worst-case value of 0.9 is used if it is not reported (Piechurski, 
Szulgowaska-Zgrzywa and Danielewicz 2018). Part load factor, part load ratio, and the standby 
loss coefficient can be related to each other using: 

𝑃𝑃𝑃𝑃𝑃𝑃 =
𝑃𝑃𝑃𝑃𝑃𝑃

𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃 + (1 − 𝐶𝐶𝐶𝐶) 

Where: 

PLF: Part load factor 

PLR: Part load ratio 

Cc: Standby loss coefficient 

For the GHP model for single-stage systems, this relationship was used with an assumed worst-
case value of 0.9 for Cc. EnergyPlus is generally expecting curves to be in a polynomial form (up 
to a cubic) and so a curve fit was used to relate the exact equation shown above to a cubic 
relationship EnergyPlus could use, as shown in Figure 7. The curve fit is limited so that values 

 
17 ResStock simulates 15-minute timesteps. 
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can never be greater than 1.0 or less than 0.7 to avoid unreasonably large part-load impacts 
during low part-load conditions. 

 

Figure 7. Curve used for the part load factor (PLF) as a function of part load ratio (PLR) for GHPs 

The implication of using this new method is that GHPs may appear to suffer energy losses during 
cycling, especially in climates with highly unbalanced thermal loads (e.g., predominantly 
heating- or cooling-dominated regions) or with long swing seasons or mild climates. In these 
climates, part-load operation occurs more frequently, and the steeper part-load factor penalty 
results in a higher modeled energy use. Single-stage GHP systems are impacted more than two-
stage and variable-speed compressor systems. 

For GHPs, additional curves can also be used to set the efficiency and capacity as a function of 
water flow rate and airflow rate. These curves allow performance to be corrected for airflow 
rates and water flow rates different from the nominal conditions. However, care must be taken 
that these relationships are not double-counting the impact of cycling, which is generally handled 
by the part load factor. While manufacturer spec sheets do report efficiency and capacity at 
different water and airflow rates, single-stage equipment generally operates at a single flow rate, 
where the exact flow rate used might vary based on the equipment size and application. Only 
three water flow rates are reported in the spec sheet for this unit, while a wider variety of airflow 
rates are reported. Curves for different water flow rates are not used, with the assumption that 
any cycling losses are fully captured by the part load factor and a purely single-stage pump 
would always be used with a single-stage GHP. Curves for airflow, however, are provided to 
allow for the possibility of a variable-speed fan with a single-stage system. Curves for airflow 
also allow for the model to account for faults that may impede airflow that can occur in real 
equipment over time or due to poor installation. When these curves are used for airflow, they use 
quadratic relationships: 

𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑎𝑎 + 𝑏𝑏 ∗ 𝑓𝑓𝑓𝑓 + 𝑐𝑐 ∗  𝑓𝑓𝑓𝑓2 

𝐸𝐸𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑑𝑑 + 𝑏𝑏𝑏𝑏 ∗ 𝑓𝑓𝑓𝑓 + 𝑓𝑓 ∗  𝑓𝑓𝑓𝑓2 
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Where: 

ff: Fraction of nominal airflow rate 

Qfaf: Multiplier on heating/cooling capacity as a function of airflow rate 

EIRfaf: Multiplier on efficiency as a function of airflow rate 

Airflow rate curves and the coefficients used in the model are shown below: 

 
Figure 8. Normalized single-stage GHP capacity as a function of airflow 

 

 
Figure 9. Normalized single-stage GHP efficiency as a function of airflow 
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The normalized capacity and EIR results shown above allow some impact to be seen in the event 
that airflow is reduced, either due to faults at installation or degradation over time (such as 
fouling of the ducts). During these reduced airflow conditions, the EIR (which is one over COP) 
increases, which means the efficiency of the unit goes down, as does the capacity, capturing the 
impact these faults may have on operation. The current default for ResStock is to assume that no 
faults occur in GHP upgrade cases. This corresponds to assuming ducts are in good working 
order and installation is performed correctly. However, future scenarios could take advantage of 
the ability to model faults if looking at performance over time or existing GHP installations if 
good data for the number of homes experiencing faults were available.  

2.2.5  Undisturbed Ground Temperatures 
Xing’s Simplified Design Model (Xing 2014) allows for undisturbed soil temperatures 
throughout the year to be calculated at various depths. 

𝑇𝑇𝑠𝑠(𝑧𝑧, 𝑡𝑡) = 𝑇𝑇𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎 − 𝛽𝛽�𝑒𝑒
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Where: 

𝑇𝑇𝑠𝑠(𝑧𝑧, 𝑡𝑡): Undisturbed soil temperature at the depth of 𝑧𝑧 and time 𝑡𝑡 of the year in °C 

𝛽𝛽: Correction factor, unitless 

𝑧𝑧: Soil depth, in m or ft 

𝑡𝑡: Time of year, starting from January 1, in h 

𝑡𝑡𝑝𝑝: Period of soil temperature cycle (365), in days 

𝛼𝛼𝑠𝑠: Soil diffusivity, in 𝑚𝑚2/𝑑𝑑𝑑𝑑𝑑𝑑 or 𝑓𝑓𝑡𝑡2/𝑑𝑑𝑑𝑑𝑑𝑑 

𝑇𝑇𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎: Annual average surface soil temperature of different depth and time, in °C or °F 

𝑇𝑇𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑛𝑛 ∶ 𝑛𝑛𝑡𝑡ℎ order surface amplitude, which can be assumed to be half of the 
difference between the maximum and minimum monthly average temperatures in a year 

𝑃𝑃𝐿𝐿𝑛𝑛: Phase angle of the annual soil temperature cycle, in radians 

The input parameters for the model (𝑇𝑇𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎, 𝑇𝑇𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,1, 𝑇𝑇𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,2, 𝑃𝑃𝐿𝐿1, and 𝑃𝑃𝐿𝐿2) were 
published for short and tall grass cover in Appendix A of the dissertation (Xing 2014).  
Parameters from the short grass table are used and would represent the boreholes being covered 
by short grass in a residential backyard.18 Xing’s Table A-3 provides model parameters for over 
1,000 locations within the United States. Xing’s Appendix Table A-3 is specific as a lookup file 
in OpenStudio-HPXML. Based on the latitude and longitude of the weather file, the nearest 
location in the table is chosen. During sizing, there are places where the ground temperature is 

 
18 The short grass reference is to the appendix tables in Xing’s thesis. The choices were short grass or long grass. 
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estimated using the annual average outdoor air temperature (see the “Ground Heat Exchanger 
Sizing Methodology” section, below) for calculating the required total length during sizing. 

 

Figure 10. Xing's Appendix A-3 locations integrated into a lookup table for OpenStudio-HPXML 

To show the values expected during simulations, the latitude and longitude locations for these 
data points were joined with the corresponding IECC 2012 climate zones. Figure 11 shows the 
distribution of annual average undisturbed ground temperatures from the Simplified Design 
Model and the data from Xing’s Table A-3. Warmer climates have a higher undisturbed ground 
temperature than colder climates due to higher ambient air conditions throughout the year. Dryer 
climates (moisture zone B) also have higher ground temperatures than the corresponding moist 
(moisture zone A) and marine (moisture zone C) climates due to less moisture being in the soil. 
The median values from these distributions are presented in Table 3. 
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Figure 11. Annual average undisturbed ground temperatures from the Simplified Design Model 

(Xing 2014) by 2012 IECC climate and moisture zones19 
  

 
19 In IECC 2012, Alaska climate zones denoted 7AK and 8AK do not include a moisture zone. 
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Table 3. Short Grass Median Undisturbed Ground Temperatures by IECC 2012 Climate Zones,  
According to the Simplified Design Model and Site Locations in (Xing 2014) 

Climate zone map available: https://basc.pnnl.gov/images/iecc-climate-zone-map  

2012 IECC Climate Zone 
Annual Average 

Undisturbed Ground 
Temperature (°C) 

1A 25.9 

2A 20.9 

2B 25.0 

3A 17.9 

3B 19.7 

3C 17.0 

4A 14.7 

4B 16.3 

4C 13.3 

5A 11.5 

5B 12.9 

6A 9.0 

6B 9.3 

7A 7.0 

7AK 5.4 

7B 6.5 

8AK 2.3 

2.2.6 Ground Thermal Conductivity 
With the new ability to specify the thermal conductivity of the ground,20 better guidance is 
required to help users pick the right properties for their job site. However, substantial variability 
in ground conductivity exists by location, time of year, and depth due to differences in the local 
soil makeup and the presence or absence of groundwater. Many GHP manufacturers recommend 
performing a site-specific conductivity measurement when considering installing a GHP, with 
details on how to take this measurement often appearing in product manuals. The default 
assumption at the start of this project for ground thermal conductivity is to use a value of 1.0 
Btu/h-ft-°F. However, there are resources available that can help users make an educated guess at 
the soil type for a location, absent a more thorough site analysis, such as (X. W. Liu 2016) or 
(U.S. Department of Agriculture (USDA) 2019). The USDA data provides conductivity by soil 
and moisture type. Liu (2016) provides climate zone 50th percentile (median), 25th percentile 
(lower quartile), and 75th percentile (upper quartile) estimates based on a natural gas well dataset 
from Southern Methodist University (Southern Methodist University n.d.). While the Southern 
Methodist University natural gas well dataset is measurements of deep well data, it was the best 

 
20 See section “Input Schema for HPXML” for updates to the HPXML schema made for this measure development. 

https://basc.pnnl.gov/images/iecc-climate-zone-map
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identified dataset that provides distributions of measurements within the range of expected 
values of various soil types from the USDA dataset. 

The USDA dataset of soil thermal conductivities by climate zone is missing the conductivities 
for some climate zones, such as 7AK and 8AK. The Southern Methodist University data were 
combined with USDA data to get the most complete dataset possible. The USDA dataset was 
sorted by counties and aggregated to the respective IECC 2012 climate zones, then the upper 
quartile, lower quartile, and median values were computed for each of the missing climate zones. 
The resulting quartile values were repeated for some climate zones, as multiple sites had 
identical conductivity values across quartiles. For example, climate zone 1A had the same values 
of soil conductivity for the lower quartile, median, and the upper quartile. Climate zone 7AK had 
identical computed values for the lower quartile and median, and climate zone 8AK had identical 
computed values for the median and upper quartile. The latitudes and longitudes in the Southern 
Methodist University file were joined to the corresponding IECC 2012 climate zone. These data 
were then used to create distributions for ground conductivity by climate zone (Figure 12). Due 
to limitation of samples in climate zone 1A, the climate zone data were combined with samples 
from Florida in climate zone 2A. Discrete bins of ground conductivity values were created in 
ResStock.21 These bins are [0.5–2.6] Btu/h-ft-°F with a step size of 0.3 Btu/h-ft-°F. Updating the 
default values to vary nationally will allow for a better estimate of the soil conductivity, absent 
additional information.  

Figure 13 shows the median ground thermal conductivity by county modeled in ResStock and 
informed by the Southern Methodist University dataset. Dwellings with a thermal conductivity 
below 1.4 W/m-K are deemed ineligible for the GHP upgrade. Figure B-1 in Appendix B 
displays the count of units by county that are deemed ineligible for the GHP upgrade due to low 
ground thermal conductivity. Most of the ineligible dwelling units are located in Mountain West 
and West Coast regions. 

 
21 ResStock is available at https://github.com/NatLabRockies/resstock 

https://github.com/NatLabRockies/resstock
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Figure 12. Ground conductivity histograms for each IECC 2012 climate zone based on Southern 

Methodist University Geothermal Lab data 
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Figure 13: Median ground thermal conductivity (W/m-K) by county as modeled in ResStock based 
on Southern Methodist University Geothermal Lab data 

Dwellings with a thermal conductivity below 1.4 W/m-K are not eligible for the residential GHP measures (7.6% of 
dwelling units represented in ResStock). 

2.2.7 Ground Heat Exchanger Sizing Methodology 
Several software tools (Table 4) have emerged based on the need for a way to optimize ground 
heat exchanger design to minimize the size required to meet building loads and perform 
satisfactorily over the life span of the system. The general design approach involves the designer 
specifying ground thermal properties, number and arrangement of boreholes, the heat pump 
loads (building loads or the loads on the ground heat exchanger), and the in-borehole design of 
the ground heat exchanger. Design methodologies involve specifying ground heat exchanger size 
directly based on longer-term building loads estimation using peak design conditions (design 
days) or determining the ground heat exchanger size using finer time-series resolution (often 
from monthly or hourly building loads data). The iterative approach uses an initial ground heat 
exchanger size determination using borehole constraints and heat pump specifications guided by 
the building loads, then iteratively adjusts the ground heat exchanger size until it meets the user-
specified design criteria for the maximum and minimum entering fluid temperatures.   
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Table 4. Summary of Software Tools Used to Optimize Geothermal Heat Pump (GHP) System 
Design, Focusing on Ground Heat Exchanger Sizing, Thermal Modeling, and System Performance 

Over Time 

Software Tool Developer Purpose Strengths 

GLHEPro Oklahoma State University 
Detailed ground heat 
exchanger design 
and thermal analysis 

Accurate long- and short-term 
ground response modeling; 
industry standard 

Ground Loop 
Design  Gaia Geothermal Commercial-grade 

GHP system design 

Supports vertical, horizontal, 
and slinky loops; integrates 
with load profiles 

EED (Earth 
Energy 
Designer) 

Lund University & Swedish 
Institute of Technology 

Quick borefield sizing 
using load profiles 

Supports multi-year 
simulations; widely used in 
Europe 

EnergyPlus + 
OpenStudio U.S. Department of Energy 

Whole-building 
energy modeling with 
GHP system 
simulation 

Customizable; integrates with 
ResStock/ComStock for large-
scale analysis 

TRNSYS with 
TESS Libraries 

University of Wisconsin & 
TESS 

Transient system 
simulation including 
GHP components 

Highly customizable; 
research-grade accuracy 

LoopLink PRO LoadLink Solutions 
Web-based GHP 
design for HVAC 
professionals 

Streamlined interface; 
supports residential and light 
commercial systems 

GeoDesigner WaterFurnace GHP system design 
and payback analysis 

Simple interface; includes 
economic and performance 
comparisons 

GHEDesigner 

Open-source (Oak Ridge 
National Laboratory, 
Oklahoma State, NLR, and 
collaborators) 

Open-source 
borefield sizing and 
thermal modeling tool 

Free and transparent; 
supports hybrid and advanced 
modeling 

 
Ground heat exchanger sizing design practices or methods are often categorized based on the 
time resolution into five levels from level zero to four (L0 to L4) (Spitler and Javed 2016). The 
level zero (L0) practice is to use rules of thumb relating ground heat exchanger length to building 
peak heating or cooling loads or installed equipment capacity. The L0 tools are applicable to 
only smaller systems and heating-only applications (J. D. Spitler 2016). However, peak heating 
and cooling loads are variable year to year and do not show a clear correlation with annual 
heating and cooling loads, resulting in highly variable entering fluid temperature values across 
different years. Because of this limitation, several other techniques have been developed by 
researchers over the years that involve “pulses” of heating and cooling loads. Most borehole 
sizing methods using the pulse technique are derived from the following basic equation 
(Ahmadfard 2019):  

𝐿𝐿 =
∑ 𝑞𝑞𝑖𝑖𝑅𝑅𝑖𝑖 + 𝑞𝑞ℎ𝑅𝑅𝑏𝑏𝑁𝑁
𝑖𝑖=1

𝑇𝑇𝑚𝑚 − �𝑇𝑇𝑔𝑔 + 𝑇𝑇𝑝𝑝�
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Where: 

𝐿𝐿: Required borehole length (m) 

𝑞𝑞𝑖𝑖: Ground thermal pulse associated with a certain time period (W) 

𝑅𝑅𝑖𝑖: Corresponding ground thermal response, which takes the form of an effective ground 
thermal resistivity (Km/W)  

𝑞𝑞ℎ: Peak ground thermal pulse (W) 

𝑅𝑅𝑏𝑏: Borehole thermal resistivity (Km/W) 

𝑇𝑇𝑚𝑚: Mean borehole fluid temperature, the average of the temperature entering the ground 
heat exchanger and exiting the ground heat exchanger (K) 

𝑇𝑇𝑔𝑔: Temperature of the ground (K) 

𝑇𝑇𝑝𝑝: Temperature penalty to account for borehole-to-borehole thermal interaction (K) 

The L1 methods use a single pulse per season (heating/cooling) and have been described in 
(Bose 1985)—which also describes the L1 tools used by the International Ground Source Heat 
Pump Association (IGSHPA) method (Oklahoma State University 1988)—and (S. P. Kavanaugh 
1991) (S. Kavanaugh 1995). As such, the L1 methods also apply the concept of design days and 
apply the “worst case scenario” conditions for designing the ground heat exchanger. More 
sophisticated methods than the L1 methods are now available (Ahmadfard 2019). The IGSHPA 
L1 method determines the ground heat exchanger length in heating and cooling mode separately 
using the following equation, with the longest of the two giving the required ground heat 
exchanger length, 𝐿𝐿:  

𝐿𝐿𝐻𝐻 =
� 𝐶𝐶𝐶𝐶𝑝𝑝𝐻𝐻

𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻 − 1
𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻

 � 𝑅𝑅𝑝𝑝 + 𝑅𝑅𝑠𝑠𝑅𝑅𝑅𝑅𝑛𝑛𝑓𝑓,𝐻𝐻 � �

�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝐶𝐶�
 

𝐿𝐿𝐶𝐶 =
� 𝐶𝐶𝐶𝐶𝑝𝑝𝐶𝐶

𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶 − 1
𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶

 � 𝑅𝑅𝑝𝑝 + 𝑅𝑅𝑠𝑠𝑅𝑅𝑅𝑅𝑛𝑛𝑓𝑓,𝐶𝐶  � �

�𝑇𝑇𝐻𝐻 − 𝑇𝑇𝑔𝑔�
 

𝐿𝐿 = max (𝐿𝐿𝐻𝐻, 𝐿𝐿𝑐𝑐) 

Where: 

𝐶𝐶𝐶𝐶𝑝𝑝𝐻𝐻: Heating capacity of the heat pump (W) 

𝐶𝐶𝐶𝐶𝑝𝑝𝐶𝐶: Cooling capacity of the heat pump (W) 

𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻: Heating coefficient of performance (-) 

𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶: Cooling coefficient of performance (-) 
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𝑅𝑅𝑠𝑠: Ground resistivity (Km/W) 

Rp: Pipe thermal resistivity (Km/W) 

𝑅𝑅𝑅𝑅𝑛𝑛𝑓𝑓,𝐻𝐻: Runtime fraction in heating (-) 

𝑅𝑅𝑅𝑅𝑛𝑛𝑓𝑓,𝐶𝐶: Runtime fraction in cooling (-) 

𝑇𝑇𝑐𝑐: Loop temperature in cooling (K) 

𝑇𝑇𝐻𝐻: Loop temperature in heating (K) 

𝑇𝑇𝑔𝑔: Undisturbed ground temperature (K) 

𝐿𝐿𝐶𝐶: 𝐿𝐿ength of the ground heat exchanger based on cooling requirements (m) 

𝐿𝐿𝐻𝐻: Length of the ground heat exchanger based on heating requirements (m) 

The L2 methods uses six pulses per year (three pulses for each heating and cooling season: 
annual, monthly, and a peak of user-specified duration). The L3 methods uses monthly peak 
pulses, and finally, the L4 methods uses hourly simulations. The time step resolution used in the 
design methodology has a significant effect on the accuracy of the predicted size requirements.  

OpenStudio-HPXML currently uses an L1 approach to characterize the ground heat exchanger; 
see Appendix B for more details on the methodology. Residential building HVAC sizing is often 
determined by design-day calculations (ACCA Manual J). This approach results in a peak load 
calculation and a resulting HVAC system size to meet the peak load. The methods specified in 
ACCA Manual J and ACCA Manual S are implemented in OpenStudio-HPXML. See Section 
2.4.2 GHP Sizing Methodology for the load inputs for the ground heat exchanger sizing. 

During the HVAC sizing routine, no information about the monthly or hourly building loads is 
present. The result is that L2 through L4 approaches cannot be easily integrated into 
OpenStudio-HPXML. The integration of L2 to L4 approaches would require that the EnergyPlus 
model be simulated with an ideal load system to get an estimate of the time-series building loads. 
These loads would then need to get processed into the inputs necessary for the L2 to L4 
approach. Then the ground heat exchanger L2 to L4 approach could be calculated. The impact of 
this level of integration would double the runtime of the OpenStudio-HPXML models as two 
annual simulations and file input/output would be required. The increase in runtime is the main 
reason OpenStudio-HPXML is staying with the Level 1 ground heat exchanger characterization 
algorithm.   

2.2.8 G-Function Library Integration 
G-function values have been updated both to allow for documenting the source of g-functions 
going forward and to take advantage of recently published g-functions covering additional 
borehole configurations. The new g-functions come from a recently published library: OpenEI 
Geothermal Data Repository’s “G-Function Library for Modeling Vertical Bore Ground Heat 
Exchanger”22 (Spitler, et al. 2021). This library includes a large number (over 34,000) of 

 
22 https://gdr.openei.org/submissions/1325  

https://gdr.openei.org/submissions/1325
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precomputed g-functions for a variety of borehole geometries, including several different shapes 
and five different depths. G-functions are geometry-specific and depend on the following 
parameters: 

𝐵𝐵: Borehole spacing (m) 

𝐻𝐻: Active borehole depth (m) 

𝐷𝐷: Depth from ground surface to the top of the active depth of the borehole (m) 

𝑟𝑟𝑏𝑏: Borehole radius (m) 

Table 5 gives some geometry parameters used in the g-function library. 

Table 5. Borehole Depths and Diameters in the G-Function Library 

Borehole Depth (m) Borehole Diameter (m) 

24 0.15 

48 0.15 

96 0.15 

192 0.16 

384 0.175 

 
While these physical parameters define the ground heat exchanger, the actual g-function values 
depend on dimensionless parameters:  

𝑡𝑡/𝑡𝑡𝑠𝑠: Dimensionless time 

𝑟𝑟𝑏𝑏/𝐻𝐻: Ratio of borehole radius to borehole length 

𝐵𝐵/𝐻𝐻: Ratio of borehole spacing to borehole length 

𝐷𝐷/𝐻𝐻: Ratio of the depth of the top of the borehole to borehole length 

Since we are specifically modeling residential buildings with smaller loads than many 
commercial buildings, only a relatively small subset of the precalculated g-functions for 10 or 
less boreholes will be directly leveraged in this work, as this corresponds to the loads seen in 
residential buildings. The library supports the following shapes: rectangles, zoned rectangles, 
open rectangles, C, L, U, and Lopsided U (Figure 14). The original g-function library has the g-
functions listed in JSON files for hundreds of possible combinations for each of the seven 
configurations (Rectangle, L, C, U, LopU, OpenRectangle, and Zoned Rectangle). There are 
34,321 in total across all configurations. 
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Figure 14. Examples of the top view of some ground heat exchanger configurations23 

Each library requires one or two JSON keys to access a specific layout of a borehole 
configuration. In terms of representing the ground heat exchanger layouts in a JSON file, each 
configuration uses one or two keys to describe the actual layout of each borehole configuration.  

Table 6 describes the meaning of first and second key in the JSON files that represent borehole 
configurations similar to those shown in Figure 15.  

  

 
23 Reprinted from (Spitler, et al. 2021). NBH=Number of boreholes. M×N is the form of representation of the 
borehole layout where M is the maximum number of boreholes along the horizontal (x) axis and N is the maximum 
number of boreholes along the vertical (y) axis. 
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Table 6. Overview of the G-Function Library Contents  
Reprinted from (Spitler, et al. 2021) 

Configuration Name Notes 

Rectangle Standard M×N cases (i.e., M columns, N rows) with uniform spacing. 
Only one key is required to access a specific configuration. 

Zoned Rectangle Similar to the Rectangle configurations, this configuration type has had 
rows/columns removed from the interior zone to represent configurations 
where the interior spacing of the ground heat exchanger is greater than 
that of the exterior (or perimeter) spacing. This library defines a specific 
configuration using the N and M values for the exterior as well as Ni and 
Mi values for the interior section. Two keys are required to access a 
specific configuration. 

Open Rectangle These configurations represent N by M rectangular cases where 
boreholes are only around the perimeter, but the perimeter can have 
more than one row of boreholes. The number of rows around the 
perimeter is specified with the key “t.” Two keys are required to access a 
specific configuration. 

C This type of configuration may be thought of as an open rectangle 
configuration that has had some number of boreholes removed from the 
top side. The current C configurations in the library all have one row of 
boreholes around the perimeter. The number of boreholes removed is 
represented by the key “r.” Two keys are required to access a specific 
configuration. 

L These configurations consist of a line N boreholes long and M boreholes 
wide. The L cases have a single row of boreholes. Only one key is 
required to access a specific configuration. 

U This type of configuration is U-shaped, with an opening at the top. The U 
may have up to 3 perimeter rows of boreholes around all sides of the U. 
The number of perimeter rows is represented with “t.” Two keys are 
required to access a specific configuration. 

LopU (Lopsided U) These configurations consist of U cases that have had some number of 
boreholes removed from their right side. These configurations all have a 
single row of perimeter boreholes. The number of boreholes removed is 
represented by “r.” Two keys are required to access a specific 
configuration. 
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Figure 15. Example of JSON file structures that represent a Rectangle borehole configuration (left) 

and a C configuration (right)24 

Only the down-selected components of the JSON files with 10 or less boreholes are downloaded 
from the repository to be stored under the “HPXMLtoOpenStudio/resources/g_functions” 
module in the OpenStudio-HPXML repository (currently under development in the 
“geothermal_loop” branch at the time of writing of this report). This down-selection is done so 
that the live repository is not strained in terms of memory allocation for maintaining the g-
function library contents that are irrelevant at a residential dwelling unit scale. The user is given 
the degree of freedom to choose the specific type of configuration (U vs. L, etc.). The actual 
layout of boreholes within each configuration type is then chosen by OpenStudio-HPXML based 
on whichever layout has the minimum land area dimensions requirement at the ground level. 

The documentation distributed together with the g-function library (Spitler, et al. 2021) describes 
the interpolation methodology that a design tool can use to iteratively adjust and choose a 
suitable depth for a correctly sized ground heat exchanger. Each layout within each configuration 
in the original g-function library provides g-functions for five different segments of depth for 
each borehole, for the depths of 24 m (79 ft), 48 m (157 ft), 96 m (315 ft), 192 m (630 ft) and 
384 m (1,260 ft). In actual energy simulation using OpenStudio-HPXML (using the EnergyPlus 
simulation engine), the borehole configurations generated will have different borehole depths 

 
24 The orange arrows show the location of the keys within each JSON file that specify the exact layout within each 
borehole configuration. Screenshots taken from Visual Studio Code text editor. 
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than one of the discrete bins provided in the OpenEI g-function library. Hence, interpolation is 
necessary between the values given in the g-function library for an OpenStudio-HPXML run.  

Interpolation is performed in accordance with the methodology laid out in (Spitler, et al. 2021). 
The procedure for determining the final interpolated g-function values to a specific borehole 
configuration, borehole depth, and borehole radius is depicted in the Figure 16 below. 

 
Figure 16. Summary of the g-function interpolation procedure 

From (Spitler, et al. 2021) 

An example of a 5×8 rectangular borefield has also been provided in the g-function library User 
Guide, which was used to validate the functionality of the new approach implemented in the 
OpenStudio-HPXML workflow. For this validation purpose, the “5_8 Rectangle” configuration 
has been retained in the down-selected g-function library, even though the total number of 
boreholes in this configuration exceeds the upper limit of 10 boreholes being modeled with 
OpenStudio-HPXML. Using one of the test files in the original OpenStudio-HPXML repository 
called “base-hvac-test-case.xml,” an upgrade was implemented such that the heating and cooling 
system of this HPXML file was upgraded with a GHP system of the same capacity. The g-
functions for this upgraded GHP system, as calculated with the new workflow implementation in 
OpenStudio-HPXML, were then compared against the values provided in the g-function library 
documentation (User Guide) example for the 5×8 rectangular borehole configuration. Figure 17 
illustrates the validation of the g-functions from the new OpenStudio-HPXML run for the 
upgraded “base-hvac-test-case.xml” case against the g-function library documentation results. 
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Figure 17. Validation of g-function outputs from the example 5x8 rectangular borehole 

configuration.25 The “A” dots are the expected g-function data and “B” is the interpolated g-
function. 

For this upgrade measure the default configuration ground heat exchanger is assumed to be 
rectangular in ResStock, although advanced users can specify alternate configurations. From the 
g-function library, the borehole spacing, B, is assumed to be 5 m and the depth, 𝐷𝐷, will be 
assumed to be 2 m. The values for dimensionless time 𝑡𝑡/𝑡𝑡𝑠𝑠 are taken directly from the library 
(which corresponds to the existing array of dimensionless time). A maximum number of 
boreholes of 10, consistent with the current implementation of the ground domain, will also be 
enforced. 

Note that in some cases, multiple borehole placements can occur for the same configuration. For 
example, a “Rectangle” for six boreholes can be either 1x6 or 2x3. There are currently no plans 
to implement the ability to specify the exact configuration of the ground heat exchanger, just the 
shape of the configuration. When a default must be chosen, OpenStudio-HPXML will default to 
the configuration closest to a square, making the implicit assumption that this will reduce the 

 
25 A = g-functions generated from the upgraded OpenStudio-HPXML example file “base-hvac-test-case.xml”;  
B = g-function library documentation example for interpolated and corrected g-function values for the 5x8 
rectangular configuration (M=5, N=8, B=7m, H=150m, D=2m, rb = 80 mm). 
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required land area at the expense of having more interaction between boreholes. In the example 
of six boreholes, the default configuration for “Rectangle” would be 2x3 rather than 1x6. 

2.3  Electric Panel Modeling 
This section summarizes the electrical information for the ducted heat pump upgrade. Electrical 
information is used in ResStock to assess whether the dwelling unit’s electrical panel would 
become space constrained or over capacity due to this upgrade. 

The electric load assumption for all GHP upgrades is borrowed from another heat pump upgrade, 
the air-to-air heat pump without electric backup. This is a limitation of this work. 

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 7. 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 Technical 
Reference Document (Reyna, et al. 2025). 

Table 7. Default Power Rating of Ducted Heat Pump System Components 

Component Power Rating [W] Note 

Heat pump compressor (0.631 * Heating_Capacity 
[kBtu/h] + 1.615) * 240 

Regression of Minimum Circuit Amp, 
multiplied by voltage 

Air handler Air_Flow [cfm] * Fan_Power 
[W/cfm] 

Default to OS-HPXML assumptions 

 
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 8 summarizes the wiring configuration for ducted heat pumps assumed in 
ResStock 2025 Release 1. 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 a heat pump with an 
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 2025 Release 1. The maximum overcurrent 
protection allowed per circuit is assumed to be up to 50A. Therefore, more circuits may be 
required for larger heat pump systems, which correspond to the use of multiple compressors 
and/or heat kits in real life.  

Although upgrading to a heat pump replaces both the heating and cooling systems, it may require 
more electrical circuits and breaker space than what becomes available by removing the existing 
HVAC equipment. 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 
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pump since a backup is often required to supplement the heat pump performance and they are 
more likely to have fuel heating previously. 

Table 8. 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-
air, ducted, no backup 

ckt 1: 240V, ODU 
ckt 2: 240V, IDU 

ckt 1: 2 * round_up(ODU power [W] / 12000) 
ckt 2: 2 

 
Electrical panel constraint modeling is added to ResStock 2025 Release 1 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 headroom 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. 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, 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 2025 Release 1. 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).    

2.4  OpenStudio-HPXML Measure Inputs 
This measure includes a water-to-air GHP with a single-stage compressor, variable-speed fan 
rated at a heating coefficient of performance (COP) of 3.8 and a rated cooling energy efficiency 
ratio (EER) of 18.6. The ground heat exchanger is a rectangular and vertically drilled single U-
tube design with enhanced grout and piping. This section will describe the inputs, sizing 
methodology, and modeling methodology for both the heat pump and the ground heat exchanger. 

There are numerus ResStock arguments assigned in the HVAC Heating Efficiency characteristic. 
The arguments being specified (different than the default OpenStudio-HPXML defaults) that 
help distinguish these technologies from other heat pump upgrade measures are below. 
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2.4.1 GHP Backup System 
GHPs typically do not have integrated backup systems because they are designed to operate 
efficiently across a wide range of temperatures by leveraging the relatively constant ground 
temperature. The inherent stability and efficiency of GHPs eliminate the need for integrated 
backups in most installations. The GHP upgrade measures will not be modeled with integrated 
backup systems. 

2.4.2 GHP Sizing Methodology 
The design heating and cooling loads are calculated in accordance with Air Conditioning 
Contractors of America (ACCA) Manual J (ACCA 2016), and the equipment size is selected 
based on ACCA Manual S (ACCA 2014) using a routine included in OpenStudio-HPXML. 
ACCA Manual J is a method for calculating residential building loads. The heating and cooling 
design temperatures are picked as the “99%” heating outdoor temperature and “1%” cooling 
outdoor temperature; that is, only 1% of hours in the year are colder or hotter, respectively, than 
the design temperature. ACCA Manual S uses these load calculations to select appropriately 
sized HVAC equipment, prioritizing cooling load to avoid issues like short cycling and poor 
humidity control. Using the dwelling unit’s characteristics and location, the sizing strategy will 
be set to heat_pump_sizing_methodology=MaxLoad. According to the OpenStudio-HPXML 
documentation:  

MaxLoad: Autosized heat pumps have their nominal capacity sized based on the larger of 
heating/cooling design loads, while taking into account the heat pump’s reduced capacity 
at the design temperature, such that no backup heating should be necessary. 

2.4.3 Grout and Pipe 
For both the grout type and pipe type, HPXML provides inputs as “standard” or “thermally 
enhanced.” OpenStudio-HPXML uses grout conductivity of 0.75 Btu/h-ft-°F for standard grout 
(IGSPHA 2014) and 1.2 Btu/h-ft-°F26 for thermally enhanced grout (Liu, et al. 2021). 
OpenStudio-HPXML uses pipe conductivity of 0.23 Btu/h-ft-°F for standard pipe and 0.4 Btu/h-
ft-°F for thermally enhanced pipe (Liu, et al. 2021). Per conversations with industry, systems 
being installed today typically use thermally enhanced grout and pipes. The GHP measures use 
“thermally enhanced” grout and pipe conductivities. 

2.4.4 Single-Stage GHP Heating and Cooling Efficiency 
The compressor type significantly impacts the EER and COP of a GHP by affecting how 
efficiently the system transfers heat and matches the load. Two-stage and variable-speed 
compressors can fine-tune this process, reducing energy losses and improving heat exchange 
efficiency, especially under partial load conditions. Single-stage compressors use more energy 
through frequent on-off cycles. These extra cycles require more energy to start up and cause 
inefficient operation, either by overworking or underworking, leading to temperature fluctuations 
and unnecessary energy use. 

 
26 The middle of the range of 0.8 Btu/h-ft-°F -1.6 Btu/h-ft-°F for Bentonite-additive mixtures with sand or graphite. 

https://openstudio-hpxml.readthedocs.io/en/latest/workflow_inputs.html#hpxml-hvac-sizing-control
https://openstudio-hpxml.readthedocs.io/en/latest/workflow_inputs.html#hpxml-hvac-sizing-control
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ENERGY STAR® provides a list of ENERGY STAR qualified products for GHPs. The research 
team downloaded the 2025 Most Efficient GHP list.27 From the dataset, only the closed-loop 
water-to-air heat pump systems were selected. Model duplicates and systems with no EER or 
COP values were removed from the dataset before processing. After the filtering there were 694 
systems in the dataset, and 195 were single-stage systems. The manufacturer websites were used 
to identify if each of the models listed in the ENERGY STAR 2025 most efficient list had a 
single-stage, two-stage, or variable-speed compressor. Among the products in the database, the 
range of EER and COP were calculated based on the compressor type, shown in Table 9 and 
Table 10. 

Table 9. ENERGY STAR 2025 Most Efficient GHP List and the Range of COP by Compressor Type 
 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 10. ENERGY STAR 2025 Most Efficient GHP List and the Range of EER by Compressor Type 

 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 ENERGY STAR 2025 Most Efficient GHP list and the processed metrics in 
Table 9 and Table 10, the median values were chosen for the single-stage upgrade GHP measure 
inputs: heating efficiency=3.8 COP, cooling efficiency=18.6 EER. 

2.4.5 Other Inputs 
While some of the key inputs and their values are discussed above, Table 11 summarizes inputs 
for the GHP measure in ResStock and OpenStudio-HPXML. 

  

 
27 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
https://www.energystar.gov/most-efficient/me-certified-geothermal-heat-pumps/results?is_most_efficient_filter=Most%20Efficient
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Table 11. Summary of the GHP, Geothermal Loop, and Soil Inputs 

Input Value Source 

Geothermal loop borefield 
configuration Rectangle OpenStudio-HPXML Geothermal Loops 

default28 
Geothermal loop boreholes 
diameter 5 in G-Function Library for Modeling Vertical 

Bore Ground Heat Exchanger29 

Geothermal loop boreholes spacing 16.4 ft G-Function Library for Modeling Vertical 
Bore Ground Heat Exchanger 

Geothermal loop boreholes count Autosized (in ft) Based on ACCA manual J and S load 
calculations30 

Geothermal loop boreholes length Autosized (in ft) Based on ACCA manual J and S load 
calculations 

Geothermal loop boreholes length 
min/max Min=78.74 ft, max=498 ft OpenStudio-HPXML Geothermal Loops 

default 
Geothermal loop configuration Vertical The measure definition 

Geothermal loop flow rate 

3 times heating/cooling 
capacity in tons, minimum 
of 3 gal/min (Meline and 
Kavanaugh 2019) 

OpenStudio-HPXML Geothermal Loops 
default 

Geothermal loop fluid 80% water, 20% propylene 
glycol31 

OpenStudio-HPXML Geothermal Loops 
default 

Geothermal loop grout type Thermally enhanced 1.2 
Btu/hr-ft-°F 

OpenStudio-HPXML Geothermal Loops 
default 

Geothermal loop min/max exiting 
fluid temperature min=32°F, max=95°F32 OpenStudio-HPXML Geothermal Loops 

default 

Geothermal loop pipe borehole 
burial depth 6.74 ft G-Function Library for Modeling Vertical 

Bore Ground Heat Exchanger 

Geothermal loop pipe diameter 1.25 in OpenStudio-HPXML Geothermal Loops 
default 

Geothermal loop pipe roughness 0.000001 High density polyethylene roughness  

Geothermal loop pipe type Thermally enhanced 0.4 
Btu/hr-ft-°F 

OpenStudio-HPXML Geothermal Loops 
default 

Geothermal loop shank spacing U-tube spacing + pipe 
outer diameter 

OpenStudio-HPXML Geothermal Loops 
default 

Ground heat exchanger g-functions Auto-calculated G-Function Library for Modeling Vertical 
Bore Ground Heat Exchanger 

Heat pump airflow defect ratio 0 OpenStudio-HPXML Ground-to-Air Heat 
Pump default33 

 
28 https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#hpxml-geothermal-loops  
29 https://gdr.openei.org/submissions/1325  
30 https://www.acca.org/home  
31 Based on a common heat transfer fluid for GHPs: https://www.chempoint.com/products/dow/dowfrost-glycol-
thermal-fluids/dowfrost-propylene-glycol-thermal-fluids/dowfrost-geo-20  
32 Recommended from Technical Advisory Group in the Acknowledgements 
33 https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#ground-to-air-heat-pump  

https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#hpxml-geothermal-loops
https://gdr.openei.org/submissions/1325
https://www.acca.org/home
https://www.chempoint.com/products/dow/dowfrost-glycol-thermal-fluids/dowfrost-propylene-glycol-thermal-fluids/dowfrost-geo-20
https://www.chempoint.com/products/dow/dowfrost-glycol-thermal-fluids/dowfrost-propylene-glycol-thermal-fluids/dowfrost-geo-20
https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#ground-to-air-heat-pump
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Input Value Source 

Heat pump backup type None The measure definition 

Heat pump charge defect ratio 0 OpenStudio-HPXML Ground-to-Air Heat 
Pump default 

Heat pump cooling capacity Autosized Based on ACCA manual J and S load 
calculations 

Heat pump cooling compressor 
type Single-stage The measure definition 

Heat pump cooling efficiency type EER N/A 
Heat pump cooling efficiency 18.6 ENERGY STAR 2025 Most Efficient List 
Heat pump cooling sensible heat 
fraction 0.7334 OpenStudio-HPXML Ground-to-Air Heat 

Pump default 

Heat pump fan power 
0.5 W/cfm if COP ≤ 
8.75/3.2, else 0.375 
W/cfm35 

OpenStudio-HPXML Ground-to-Air Heat 
Pump default 

Heat pump fraction cooling load 
served 1 Serves the entire cooling load 

Heat pump fraction heat load 
served 1 Serves the entire heating load 

Heat pump heating capacity Autosized Based on ACCA manual J and S load 
calculations 

Heat pump heating efficiency 3.8 ENERGY STAR 2025 Most Efficient List 

Heat pump heating efficiency type COP N/A 

Heat pump is shared system FALSE OpenStudio-HPXML Ground-to-Air Heat 
Pump default 

Heat pump power 80 W/ton36 OpenStudio-HPXML Ground-to-Air Heat 
Pump default 

Heat pump sizing methodology MaxLoad OpenStudio-HPXML Ground-to-Air Heat 
Pump default 

Heat pump type Water-to-air The measure definition 

Heat pump unit location Conditioned space OpenStudio-HPXML Ground-to-Air Heat 
Pump default 

Soil conductivity 
Distribution that varies by 
ASHRAE climate and 
moisture zone 

Southern Methodist University 
Geothermal Lab, USDA 

Soil undisturbed temperature 
Varies by location. Uses a 
lookup table based on the 
L. Xing model 

L. Xing appendix A-3 (Xing 2014) 

Soil volumetric heat capacity 771,245 (J/K-m3) OpenStudio-HPXML Site default37 

 
34 https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#id718  
35 https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#id720  
36 https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#id978  
37 https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#hpxml-site. Calculated from other 
values. 

https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#id718
https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#id720
https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#id978
https://openstudio-hpxml.readthedocs.io/en/v1.9.1/workflow_inputs.html#hpxml-site
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2.5 Limitations and Concerns 
1. The ground heat exchanger design is based on a Level 1 method (described in 

Section 2.2.7), and other more detailed methods have been established. Given that 
this workflow explicitly targets residential buildings, and the approach is used to model 
multifamily buildings on a unit-by-unit basis (described in more detail below as an 
additional limitation and concern), ground heat exchangers are relatively small, and 
individual boreholes have relatively little interaction with each other. Level 1 methods 
are therefore more appropriate for the simpler geometries that occur in residential 
buildings. In addition, the OpenStudio-HPXML workflow is very explicitly designed 
with speed as a key priority. Annual hourly simulations of a dwelling unit are designed to 
take seconds rather than minutes, which enables other applications like BEopt™ and 
ResStock to run thousands to hundreds of thousands of simulations quickly to help 
analyze the optimal building design and the housing stock at a national scale. 
Implementing the more detailed approaches would require time-series loads, which 
would require running building models multiple times (once to get the loads, then again 
with the GHP installed), more than doubling the run time. Given these considerations, a 
Level 1 approach is considered appropriate for the goals of this particular workflow. 
Technical advisory group feedback has also indicated that a Level 1 approach is 
appropriate for many residential applications. 

2. The g-function library is static. The library of g-functions is static and is not planned to 
be updated frequently. It is recommended that over time, the library be updated with the 
outputs of GHEDesigner as a future effort. This introduces some degree of maintenance 
burden if and when new approaches (or new, more accurate g-functions) are introduced. 
This can also introduce uncertainty over time about where certain inputs came from, as 
exemplified by the currently implemented g-functions that are poorly documented. To 
address this, thorough documentation (such as this document, but also in the OpenStudio-
HPXML documentation and the code itself) will clearly state the source of all empirical 
data, as well as any assumptions made within the workflow. The team also created a 
direct connection to an existing g-function library so that if the library is updated, new g-
functions can easily be downloaded and integrated into the workflow. 

3. Large uncertainty exists in soil thermal property data. To account for this, 
documentation will point users to some of the best available resources with thermal 
properties of different soil types, as well as recent work that estimates the average soil 
conductivity as a function of climate zone (X. W. Liu 2016). This can help guide users to 
make more informed guesses on soil properties if desired. However, given the large 
amount of uncertainty that exists, we will not implement location-specific defaults to 
avoid giving the impression of a level of precision that does not exist.  

4. OpenStudio-HPXML models multifamily buildings on a unit-by-unit basis, rather 
than modeling all units within a building simultaneously. There are several 
implications to this modeling assumption for GHPs. The ground heat exchanger for a 
single unit is much smaller than would be required for the entire building, which means 
different g-functions would be used for this approach, and less interaction between 
boreholes occurs in the current approach. This likely means that this approach 
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underestimates the total number of boreholes required for supporting the whole 
multifamily building. This may also underestimate the costs associated with installing a 
GHP, especially around the ground heat exchanger sizing. While costs may be estimated 
for the whole building and then attributed to individual units, the reduced number of 
boreholes will also lead to lower estimated installed costs. Given the complexity of 
dealing with the interactions (which are not a simple function of the overall size of the 
building, but depend on several other factors as well), this is documented as a known 
limitation and area of caution when understanding the results that come from modeling 
multifamily buildings and community-scale GHP installations. Note that large high rises 
(>8 stories) are excluded from having GHPs applied entirely because of this limitation. 

5. GHP performance curves are based on a single unit. The approach to modeling the 
GHP used here is based on generating a performance map for a single unit, rather than 
trying to generate “generic” curves that represent the performance of this technology as a 
product class. Some care has been taken in picking the unit used to specify the 
performance curves. The approach is to pick a product with rated performance that seems 
representative of the typical efficiency seen in this class of product relative to other 
ENERGY STAR-rated GHPs. The performance curves are also based on a product from 
a major U.S. based manufacturer of this technology with a long track record to try to 
ensure that performance is closer to representative, rather than picking the product with 
the highest efficiency on the market today or the newest product to hit the market. There 
is some inherent uncertainty in picking any single set of performance curves to represent 
an entire class of product, but the NLR residential team has had success with this 
approach representing multiple products of similar design (same refrigerant, similar 
condenser lengths, etc.) for other technologies like ASHPs and heat pump water heaters. 
Unit-specific product curves have been used to represent heat pump water heater 
performance in the OpenStudio-HPXML workflow, and validation efforts have shown 
that the curves do not vary substantially from manufacturer to manufacturer for other 
technologies. The performance curves used here are also for a single-stage GHP. 

6. A new approach to cycling losses is being used for GHPs compared to other 
residential HVAC systems. This new approach is based on a European standard and has 
steeper penalties on energy use at very low part-load conditions compared to the 
approach used for air-to-air systems such as air conditioners and ASHPs. This could 
potentially lead to GHPs assuming more energy is wasted during cycling, particularly in 
climates where there are unbalanced loads (heavily heating- or cooling-dominated 
climates) or mild climates when comparing these options in different upgrade scenarios.  

7. Calculations are performed for only a single year. OpenStudio-HPXML is a tool 
designed primarily for annual calculations, rather than calculations over multiple years. 
For GHPs, if the heating loads are substantially larger than the cooling loads, this may 
lead to a thermal imbalance (Saaly and Maghoul 2019). Over the course of multiple years 
of operation, extracting heat from the ground can lead to changes in the soil temperature. 
This leads to decreases in the outlet temperature from the ground heat exchanger and 
reduced efficiency of the GHP. The magnitude of this change depends on the size of the 
ground heat exchanger, the difference in heating and cooling loads, and how long the 
system has been operating. As ground temperature changes over the course of a period 
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much longer than the annual simulations performed here, it is difficult to account for this 
effect over the lifetime of the GHP. Additional work would be required to try to correct 
for this effect over the lifetime of the system. 
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3 Results 
This measure replaces the existing applicable HVAC equipment with a new GHP system. The 
measure requires an existing system to be in place, as some inputs from the existing system are 
recycled for use with the new system. Specifically, this measure implements a single-stage 
compressor, variable-speed fan water-to-air heat pump system with a vertical ground heat 
exchanger. 

3.1 Annual Stock Savings 
Overall stock-level energy consumption for baseline and Single Stage GHP is shown in Figure 
18 (full stock) and Figure 19. Single-stage GHPs reduce site energy consumption 24.3% at the 
stock level (Figure 18), and by 31.3% in dwellings applicable to the GHP upgrade (Figure 19). 
All results are site energy in TBtu regardless of fuel used. Results are filtered such that the 
baseline contains only buildings for which the GHP upgrade is applicable. Refer to Section 2.1 
for the applicability criteria for GHPs. GHP upgrades were applicable to 71% of the homes 
included in the ResStock 2025 Release 1.38 Heating energy decreases by 45% for these homes, 
but electricity used for space heating more than doubles when GHPs are installed due to the 
substantial amount of fuel switching away from natural gas (and to a lesser extent, fuel oil and 
propane). Cooling energy consumption decreases by 19%. Note that the baseline includes homes 
that do not have cooling or are partially conditioned by room air conditioners (but use ducted 
heating systems, so a GHP upgrade is still applicable), in which the GHP upgrade increases 
energy consumption for cooling. Less than 100% of the space is cooled for about 33% of the 
homes with cooling equipment. While GHPs are more efficient than room air conditioners, 
cooling now also has associated duct losses in this case. Duct losses can range from 0%, no loss, 
to 30% loss in ResStock. 

 
38 More information on ResStock sampling can be seen in Sections 6.3 and 7.3 in 
https://nrel.github.io/ResStock.github.io/assets/trd/ResStockTechnicalReferenceGuide_2025_1.pdf. 

https://nrel.github.io/ResStock.github.io/assets/trd/ResStockTechnicalReferenceGuide_2025_1.pdf
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Figure 18. Total energy consumption for the baseline and single-stage GHP measure upgrade for 
the entire stock 
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Figure 19. Total energy consumption for the baseline and single-stage GHP measure upgrade, 

includes only dwellings that have upgrade applied 

Figure 20 shows the energy consumption of baseline and GHP upgrade cases disaggregated by 
baseline heating fuel. Natural gas is used by the majority of the stock and therefore makes up the 
majority of the residential stock. Propane and fuel oil are the least common, primarily used in 
more rural areas without access to natural gas infrastructure. Fuel oil is generally used in the 
New England region and rarely used in other parts of the country. For homes with natural gas, 
installing a single-stage GHP reduces heating energy by 50% due to the higher efficiency of the 
GHP relative to the baseline equipment, primarily furnaces. Note that heating fan and pump 
energy do increase substantially, largely attributable to the pump energy use associated with the 
GHPs, but these increases have a minor impact relative to the overall savings of the more 
efficient equipment. Cooling energy savings are much less substantial due to the much smaller 
difference in the efficiency of equipment used in the baseline and upgrade cases across the stock 
and because some units do not have cooling in the baseline stock. 
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Figure 20. Total energy consumption for the baseline and single-stage GHP upgrade sorted by 

heating fuel 

Figure 21 shows the baseline and upgrade energy savings disaggregated by Building America 
climate zone. Savings occur across all climate zones for both heating and cooling. However, 
overall electricity consumption increases substantially in cold and mixed-humid climates, largely 
due to replacing non-electric heating with electric heating. Cooling energy consumption 
decreases across all climate zones, with the most substantial savings occurring in hot-humid 
climates. 
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Figure 21. Total energy consumption for baseline and single-stage GHP upgrade sorted by 

Building America climate zone 

3.2 State Average Energy Savings and GHP Efficiency 
Figure 22 shows the average cooling energy savings between the baseline and upgrade scenarios 
in different states in the contiguous United States. Note that savings can be negative, sometimes 
substantially, in cases where a substantial portion of the housing stock did not have cooling in 
the baseline. In the results below many units in Vermont, Maine, New Hampshire, Wyoming, 
and Montana do not have cooling or do not cool their entire floor area. The adoption of GHPs 
adds cooling and conditioning to the entire floor area, resulting in a cooling energy increase. 
Similarly, Washington and California see an increase in cooling load due to a large portion of the 
dwelling units being in the Marine IECC climate zone, where many homes do not have cooling 
or do not cool their entire floor area. 

In states where cooling loads are substantial and the majority of the state has cooling in the 
baseline, such as most of the southeastern U.S., average cooling energy savings of 20%–30% are 
possible across the stock. For states with negative savings, there is a substantial comfort benefit 
to cooling the entire space. This benefit will become even more substantial with the projected 
rise in cooling degree days in the coming decades (EPA 2024). 
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Figure 22. Annual cooling energy savings for a single-stage GHP over the baseline (negative 

savings indicate a cooling load increase) 

Figure 23 shows the heating energy savings from installing GHPs across the country. Unlike 
cooling, nearly every home in the contiguous United States has a heating system, so significant 
savings are seen in all states. The vast majority of homes also use fuel-fired heating systems with 
a much lower efficiency than the average efficiency of a GHP, so more substantial savings are 
possible than for cooling. Savings are smallest in the southeastern U.S., which also has some of 
the lowest heating loads in the country. 

 
Figure 23. Annual heating energy savings for a single-stage GHP compared to the baseline 
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Figure 24 shows the average cooling COP for the single-stage GHP. In this context, COP is the 
ratio between cooling load delivered and the electricity consumed by the cooling unit and the air 
handler fan to meet that cooling load. This is not to be confused with the rated COP of the 
system. The COP being reported is the state average simulated COP and does not include duct 
losses, which may be substantial. Cooling efficiency is highest in heating-dominated states, 
particularly in the upper Midwest, which have cooler ground temperatures in summer. However, 
these states also have the lowest cooling loads, so the overall savings are more modest in these 
locations. Cooling COPs range from 2.9 to 3.7 at the state level, with almost all states achieving 
a COP over 3. Note that individual buildings within each state may have higher or lower COPs 
than the state average due to differences in climate within a state and other factors.  

 
Figure 24. Average cooling COP of single-stage GHP by state 

Figure 25 shows the average heating COP for the single-stage GHP. The COP does not include 
duct losses, which may be substantial, particularly in existing homes where ducts are often 
located in unconditioned spaces and are not upgraded as part of the GHP measure. These losses 
can significantly degrade overall system performance relative to the rated equipment COP. The 
reported COPs focus solely on the efficiency of the equipment itself. 

Observed heating COPs range between 2.0 and 2.4 across climate zones, with lower values in the 
coldest states. Colder regions not only experience lower ground temperatures (which reduce heat 
pump efficiency due to decreased entering water temperatures), but also tend to have higher 
annual heating loads, further stressing the system. Additionally, these COP values reflect 
simulated operation conditions that diverge from the idealized lab test settings under which 
manufacturers report rated COPs. In practice, GHPs often operate at part-load conditions where 
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cycling is frequent, especially during shoulder seasons. This introduces cycling losses not 
captured in steady-state ratings. 

Despite these inefficiencies, GHPs still deliver substantial energy savings over conventional 
combustion systems. Even high-efficiency condensing furnaces top out at annual fuel utilization 
efficiencies (AFUEs) around 0.96, and many existing systems—especially older, non-condensing 
furnaces—operate in the range of 0.6 to 0.8. Therefore, even a GHP with a field COP in the 2.0 
to 2.4 range offers a significant performance improvement over a typical fossil fuel heating 
system. 

 

Figure 25. Average heating COP of single-stage GHPs by state 

3.3  Annual Energy Bill Impact for Applicable Dwelling Units Only 
Energy bills for applicable dwelling units only are shown below in the following figures. On 
average, energy bills decreased 3% for the single-stage GHP. This is shown in Figure 26. 
Electricity bills increased slightly, while natural gas, fuel oil, and propane bills all decreased. 
Electric bills increasing on average is to be expected because of fuel switching from non-electric 
heating to electric heating, and then some units receiving cooling if they did not have air 
conditioning before the single-stage GHP. 
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Figure 26. Average annual energy bill broken out by fuel type for dwelling units that received the 

single-stage GHP 

Figure 27 shows the average annual utility bill broken out by Building America climate zone. 
Energy bills generally decrease in six of the eight climate zones. However, Hot-Dry and Cold 
only experience slight increases, likely due to increased electricity usage, which is generally 
more expensive than natural gas. 

 
Figure 27. Average annual energy bill broken out by Building America climate zone for applicable 

dwelling units only 
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3.4  Electric Panel Impact 
This section details the impact the single-stage GHP upgrade will have on electrical panels. 

First, Figure 28 and Figure 29 show information about the ResStock 2025 Release 1 baseline 
housing stock electric panel distribution. Figure 28 shows in the first column, “All”, that about 
35% of all dwelling units have 0 or only 1 breaker space available. Figure 29 shows in the first 
column that 97.7% of electric panels have no existing capacity constraint for the baseline 
housing stock, but that 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. However, it’s 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 single-stage 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 pre-existing capacity constraint is 
not worsened by the upgrade. 

 

Figure 28. Baseline electric panel breaker spaces available by electric panel service rating 
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Figure 29. Baseline electric panel constraint type by electric panel service rating 

Figure 30 shows the distribution of panel constraints overall, see the first column, and then by 
heating fuel for dwelling units that receive the single-stage GHP. It is estimated that about 38% 
of dwelling units upgrading to a single-stage 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 U.S. as seen in 
Figure 20, these results are heavily weighted by dwelling units that have natural gas as their 
original heating fuel. 

 
Figure 30. Distribution of panel constraints by heating fuel 
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The next three figures show percentages of dwelling units for each state that would have some 
type of electric panel constraint after the single-stage GHP upgrade. Figure 31 shows a range of 
11%–70% of dwelling units that would have either a capacity and/or space constraint after the 
single-stage GHP. Specifically looking at space constraints, Figure 32 shows a smaller range 
from about 4% to 53% of dwelling units that would have a space constraint. Finally, Figure 33 
shows a range of roughly 7% to 48% of dwelling units that would have a capacity constraint. 

 
Figure 31. Percent of dwelling units with an electric panel constraint (capacity and/or space) by 

state after a single-stage GHP 
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Figure 32. Percent of dwelling units with an electric panel space constraint by state after a single-

stage GHP 

 
Figure 33. Percent of dwelling units with an electric panel capacity constraint by state after a 

single-stage GHP 
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Appendix A: Review of Residential GHPs in the U.S. 
Building Stock 

A review of GHPs in the U.S. residential building stock was performed as part of this work. The 
review covered how GHPs have been installed in the U.S. residential building stock. The 
outcome of the review helps target the modeling improvements and helps answer the following 
questions: 

1. How many GHP systems exist in the residential building stock, where are they located, 
and in what type of buildings have the systems been installed? 

2. What is the most common ground heat exchanger configuration? 
3. How common are water-to-water, water-to-air, and direct geo-exchange systems? 
4. How have ENERGY STAR GHPs improved in recent years and how many units have 

been shipped? 

Residential Building Stock Characterization of GHP Installations 
Characterizing the GHP installations in the U.S. residential building stock helps identify 
segments of the stock that have GHPs and segments of the stock that have not been the focus of 
the GHP market. This characterization focuses on the number of GHP installations, where they 
are located, in what type of buildings, when the buildings were built, and some recent trends in 
GHP installations.  

Number of Residential GHP Installations and Their Locations 
There are approximately 139 million residential housing units in the U.S. (U.S. Census 2021). Of 
these housing units, 124 million housing units are occupied. There are approximately 1.28–2 
million housing units with GHPs as of 2015–2016 (Table A-1), approximately 1–1.6% of 
occupied residential housing units. Recently, the U.S. DOE released a report, GeoVision (DOE, 
2019), that discusses the untapped potential of geothermal energy both from the generation side 
and for GHPs. The GeoVision report similarly estimates that GHPs represent about 1% of the 
U.S. HVAC market (DOE, 2019). 

Table A-1. An Estimate of the Number of GHP Installations in the U.S. 

Data source Number of Housing 
Units with GHPs 

Fraction of Occupied 
Residential Stock 

Energy Information Administration (EIA) 
2016 Annual Energy Outlook (U.S. EIA 
2016) 

1.28 million 1% 

J. W. Lund and T. L. Boyd, 2016 (Lund and 
Boyd 2016) 2 million 1.6% 

ENERGY STAR Shipment Data, 2003-
2015 (ENERGY STAR 2022) 1.66 million 1.3% 

EIA’s 2020 Residential Energy 
Consumption Survey (RECS) (U.S. EIA 
2023) 

1.27 million 1% 
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According to combined data from ENERGY STAR (ENERGY STAR 2022) and J. Jaewan et al. 
(Jaewan, et al. 2021), GHP shipments increased steadily from 2003 to 2015 (Figure A-1). The 
number of GHP shipments appears to have leveled out since 2015. There is some inconsistency 
between the estimates in Table A-1 and the ENERGY STAR shipment and J. Jaewan et al. 
sources. The total number of reported ENERGY STAR GHP shipments between 2003 and 2015 
is 1.66 million units, whereas J. Jaewan et al. estimate shipments of 2.6 million units between 
2003 and 2021. The 1.66 million units between 2003 and 2015 does not include GHP units 
installed before 2003, while the largest estimate from Table A-2 is 2 million. 

 
Figure A-1. Residential GHP shipments from 2003–2015 and estimated shipments from 2016–2021 
The estimated ENERGY STAR shipment data assumed a 17% market penetration of ENERGY STAR GHP units, the 

average market penetration of 2013–2015. The uncertainty bars represent the standard deviation of the market 
penetration from 2003 to 2015 multiplied by the average estimated GHP units shipped from 2016 to 2021. 

According to data from EIA 2020 RECS (U.S. EIA 2023), the majority of the residential GHP 
installations are in the eastern and southern portions of the U.S. (Figure A-2). The largest number 
of residential GHPs are in Florida, Tennessee, North Carolina, Alabama, and Texas (Figure A-3). 
These states make up almost 40% of the residential GHP installations. Around 95% of the GHPs 
are in the IECC 2012 moist climate zones, 2A–5A. Climate zone 4A has the most GHP 
installations, with about 30% of the total residential GHP installations.  
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Figure A-2. 2020 occupied dwelling units with GHPs using data from EIA 2020 RECS. White 

indicates no samples in RECS. 

 

 

 
Figure A-3. Residential GHP installations from the EIA 2020 RECS (U.S. EIA 2023) data by state 

(top) and 2012 IECC climate zone (bottom) 
(Burleyson 2012) 
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Residential GHPs Installations by Various Housing Characteristics 
Characteristics about the housing units with GHPs also illuminate where the market has higher or 
lower penetrations. Figure A-4 illustrates that residential GHP installations in the U.S. are 
focused primarily in the single-family detached and mobile home housing stock. There are fewer 
GHP installations in multifamily apartment buildings with 5 or more units relative to the U.S. 
residential stock.  

The RECS 2020 data shows that there are fewer GHP installations in the pre-1980s residential 
stock (Figure A-5). Residential building stock housing units built before 1980 makes up roughly 
54% of the U.S. residential building stock. Approximately 1.9% of the housing units built after 
1980 have GHP installations compared to 0.7% built before 1980. This indicates that newer 
homes are more likely to have GHPs installed. Approximately 75% of residential GHP 
installations are in new construction, while 25% are retrofits (Liu, et al. 2019).  

Targeting only new construction to install GHPs would be limiting. According to the American 
Community Survey, the number of residential housing units has grown by about 0.7% each year 
over the last 10 years (U.S. Census 2021). There are a large number of homes in the existing 
U.S. residential building stock in which GHPs could be installed if the land area is available for 
installation of the ground heat exchanger.  

 
Figure A-4. Number of occupied dwellings (left) and GHP installations (right) in various types of 

residential buildings in the U.S. using data from EIA 2020 RECS 
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Figure A-5. Number of dwellings in the U.S. residential building stock (left) and the number of GHP 
installations in the U.S. residential building stock (right) by age of the house using data from EIA 

2020 RECS 

Residential GHP Mechanical Equipment Types and Efficiencies 
This section reviews (1) the typical mechanical equipment types and their market penetration in 
the U.S. residential building stock, (2) the equipment rated heating and cooling efficiencies along 
with historical ENERGY STAR specifications, and (3) ENERGY STAR certified unit shipments 
and market penetration. The discussion in this section helps prioritize what type of heat pump is 
modeled in the OpenStudio-HPXML workflow and what default efficiency values are reasonable 
based on when the equipment was installed. 

GHP Mechanical Distribution System Market Penetration 
There are four major types of GHP systems based on heat transfer system design: 

1. Water-to-Air 
In these types of GHP systems, the ground heat exchanger is composed of either an open- or 
closed-loop circuit containing water or a water-antifreeze solution. The heat transfers between 
the ground heat exchanger and the heat pump system, which operates on a vapor-compression 
refrigeration cycle. The use of refrigerant is limited to within the heat pump system itself. The 
heat transfer between the heat pump system and the interior of the building is achieved through 
forced air movement through heat exchangers transferring heat between the heat pump system 
and the indoor air through ducts. 

2. Water-to-Water 
In these types of GHP systems, the ground heat exchanger is the same as in water-to-air systems. 
However, the heat transfer to the indoor environment is done using a second hydronic loop. Heat 
is exchanged between the ground heat exchanger and the heat pump system operation on a 
vapor-compression refrigeration cycle. The hydronic loop absorbs heat from the heat pump 
system via heat exchanger(s) and circulates that heat to various parts of the building using one or 
more closed circuit hydronic (water) loops running through baseboard hydronic radiators or 
radiant floors. Water-to-water systems perform much better in space heating than space cooling 
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in residential buildings, with some manufacturers not recommending using water-to-water heat 
pumps for residential cooling (Dandelion Energy 2023). 

3. Combined Systems (Water-to-Air and Water-to-Water Hybrids) 
These systems use a combination of water-to-air and water-to-water systems to exchange heat 
between the ground heat exchanger and the indoor environment.  

4. Direct Geo-Exchange  
These systems use a refrigerant directly in the ground heat exchanger, instead of a water-
antifreeze mix, to exchange heat between the heat pump system and the ground. The heat 
exchange on the building-interior side can either be a water-to-air, water-to-water, or combined 
system. These systems are less commonly used due to the risks of corrosion to the buried copper 
tubing carrying the refrigerant, which sits in direct contact with the soil, leading to potential 
system failure as well as the potential for environmental issues such as groundwater 
contamination. As a result, these systems are also more tightly regulated by local jurisdictions. 

Presence of Residential GHP Equipment Types in the Residential Building Stock 
A review of GHP deployments was performed in 2013 as part of a market analysis (Battocletti & 
Glassley, 2013). The study surveyed manufacturers, geothermal loop installers, and mechanical 
equipment installers. The survey of residential mechanical equipment installers resulted in the 
distribution of equipment types seen in Figure A-6. Water-to-air heat pumps made up the largest 
fraction of residential GHP mechanical equipment installations at 77%. If the combined systems 
are also included, as they have a water-to-air component, this fraction increases to 87%. Water-
to-water and direct geo-exchange systems made up a lower fraction of installations at 8% and 
5%, respectively. 

 
Figure A-6. Distribution of residential GHP equipment types 

 
Residential GHP Heating and Cooling Efficiencies 
The efficiency of GHPs has improved over time. Combining historical federal equipment 
efficiency standards with historical unit shipment data provides insights into the efficiency of the 
GHP units in the residential building stock. The GeoVision report used an energy efficiency ratio 
(EER) of 18.2 and coefficient of performance (COP) of 4.0 at 100% load (heating or cooling) to 
represent typical GHPs installed in the U.S. in 2012 (U.S. DOE 2019).  
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ENERGY STAR sets voluntary efficiency criteria for GHPs. Figure A-7 and Figure A-8 
illustrate the EER and COP criteria, respectively of the ENERGY STAR program for GHPs 
since 2001. From 2010–2012, there were significant increases to ENERGY STAR GHP 
performance criteria. Open-loop systems have higher performance criteria than closed-loop 
systems. Water-to-air systems have higher performance criteria than water-to-water heat pump 
systems. 

 
Figure A-7. ENERGY STAR EER criteria for GHPs 

WTA = water-to-air; WTW = water-to-water; DGX = direct geo-exchange 

 
Figure A-8. ENERGY STAR COP criteria for GHPs 

WTA = water-to-air; WTW = water-to-water; DGX = direct geo-exchange 
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Table A-2 lists the COP and EER values for the most efficient GHPs on the market in 2022 rated 
by ENERGY STAR.39 Most system types of 2022 ENERGY STAR most efficient products 
listed are significantly higher than the ENERGY STAR criteria. Direct geo-exchange systems 
currently have products that met previous ENERGY STAR criteria, but do not meet the current 
ENERGY STAR criteria. 

Table A-2. ENERGY STAR Most Efficient GHPs, 2022 
Performance values with * indicate that products have previously met ENERGY STAR criteria, but no products 

currently meet ENERGY STAR Most Efficient 2022 Criteria. 

Product Type 
COP EER 

Criteria Min. Ave. Max. Criteria Min. Ave. Max. 

Open-
Loop 

Water-to-air 4.1 4.1 4.64 5.6 21.1 22.2 27.9 56.9 

Water-to-water 3.5 3.9 3.9 3.9 20.1 20.6 20.6 20.6 

Closed-
Loop 

Water-to-air 3.6 3.6 4.06 4.6 17.1 17.3 22.4 33.7 

Water-to-water 3.1 3.3 3.3 3.3 16.1 17.5 17.5 17.5 

Direct geo-
exchange 3.6 3.1* 3.7* 4.1* 16.0 17.1* 19.5* 21.1* 

  

ENERGY STAR also provides unit shipment data and an estimate of the ENERGY STAR 
product market penetration (Figure A-9). The ENERGY STAR unit shipments and market 
penetration peaked in 2007. However, market penetration and shipments have generally 
decreased after the large increase in ENERGY STAR criteria in 2012. 

 
39 ENERGY STAR Certified product list: https://www.energystar.gov/productfinder/download/certified-geothermal-
heat-pumps/  

https://www.energystar.gov/productfinder/download/certified-geothermal-heat-pumps/
https://www.energystar.gov/productfinder/download/certified-geothermal-heat-pumps/
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Figure A-9. Top: ENERGY STAR GHP unit shipments between 2003 and 2021. Bottom: Estimates 
of ENERGY STAR GHP market penetration between 2003 and 2021. 

Market penetration estimates for 2004–2006 are based on total shipments from J. Jaewan et al. 2021 (Jaewan, et al. 
2021) and ENERGY STAR unit shipments (ENERGY STAR 2022). ENERGY STAR does not report market 

penetration data for the years 2016–2021. 

Ground Heat Exchanger Configurations 
There are two types of ground heat exchanger systems for GHPs: open- and closed-loop systems. 

1. Open-Loop Systems 
Open-loop systems use a well or a surface body water (like a local pond or lake) directly as heat 
exchange fluid that circulates through the GHP system. Feasibility of the use of open-loop 
systems, however, depends on location, local codes, and regulations (U.S. DOE. 2023). 

2. Closed-Loop Systems 
Closed-loop GHP systems use a constant volume of a working fluid (usually a mixture of water 
and antifreeze) that circulates in a closed loop (piping that is joined end-to-end), absorbing heat 
in one segment and rejecting heat through another segment of the closed loop without any 
exchange of mass of the working fluid between the heat pump system and the surrounding 
environment as in an open-loop system. Based on how the ground heat exchanger are installed, 
there are four major types, two horizontal closed loop, one vertical closed loop, and one 
pond/lake closed loop (U.S. DOE. 2023). 
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a. Horizontal Closed Loop 
Horizontal ground heat exchanger systems are deemed by U.S. DOE as generally the most cost-
effective closed-loop configuration for residential (particularly for new construction) 
installations where sufficient land is available (U.S. DOE. 2023), but are less commonly installed 
as many sites don’t have the land area or are retrofits. The trenches for the horizontal loop 
systems are generally dug about 4 ft deep. The most common layouts use either: 

• Two pipes, one buried at 6 ft and the other at 4 ft, or 
• Two pipes placed side-by-side at 5 ft in the ground in a 2 ft wide trench. 

The Slinky method of looping pipe allows the use of more pipe in a shorter trench, resulting in 
lower installation cost. 

b. Vertical Closed Loop 
Vertical ground loop GHP systems are common for large commercial buildings and schools 
because the land area required is small compared to horizonal loop systems. The boreholes for 
vertical loop systems are typically approximately 4 inches in diameter and are drilled 
approximately 20 ft apart. The boreholes are 100 to 400 ft deep. Two pipes connected at the 
bottom with a U-bend to form a loop are inserted into the hole and grouted to improve 
performance. The vertical loops are connected with horizontal manifolds placed in trenches (U.S. 
DOE. 2023) (Self et al. 2013). 

c. Pond/Lake Closed Loop 
If the installation site has adequate access to a body of water, such as a pond or lake, a surface 
water system may be the most suitable option. A supply line pipe is run underground from the 
building to the water and coiled into circles at least 8 ft under the surface to prevent freezing. 
There is no specific way or orientation of looping for this type of system, but the coils should 
only be placed in water source that meets minimum volume, depth, and quality requirements 
(U.S. DOE. 2023). Rivers are not ideal for this application due to their unpredictable behaviors, 
including flooding and droughts that can damage loop systems, as well as hazards due to moving 
debris (Omer 2008), (Ma 2004). 

Ground Heat Exchanger Configurations in the U.S. Residential Stock 
Across the data sources reviewed, there is general agreement that most of the U.S. residential 
ground heat exchanger configurations are closed-loop horizontal or closed-loop vertical systems. 
Horizontal and vertical closed-loop systems make up 84%–93% of the ground heat exchanger 
installations. Ground heat exchangers that use groundwater or surface water make up 4%–16%. 
The only source with reporting on direct geo-exchange systems, Battocletti and Glassley, 
reported that these systems made up about 3% of ground heat exchanger installations (Battocletti 
and Glassley 2013). There is some disagreement across data sources about the relative 
prevalence of horizontal and vertical ground heat exchanger systems. Liu et al. 2019 (Liu, et al. 
2019) and Battocletti and Glassley (Battocletti and Glassley 2013) state that vertical ground 
loops are more common, while Lund and Boyd (Lund and Boyd 2016) state that horizontal 
ground loops are more common. The Lund and Boyd 2016 study focuses on residential systems 
only, while the other two studies combine residential and commercial. It is possible that the 
Battocletti and Glassley and Liu et al. sources predict a higher fraction of vertical ground loop 
configurations because they include commercial ground heat exchanger systems, which are 
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typically vertical installations. Where sufficient land is available, residential horizontal ground 
loop systems are the most cost-effective ground heat exchanger option (U.S. DOE. 2023). 

 
Figure A-10. Installation percentage of common ground heat exchanger configurations 

(Liu, et al. 2019) (Battocletti and Glassley 2013) (Lund and Boyd 2016) 
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Appendix B: Legacy OpenStudio-HPXML GHP 
Workflow and Assumptions 

The original model for GHPs, which originated in BEopt over a decade ago, is still present in 
OpenStudio-HPXML. Since then, the code, modeling assumptions, and workflow have changed 
significantly as detailed previously. Following is some documentation existing assumptions still 
used in the current model around its ground domain modeling, heat pump assumptions, and soil 
property assumption. 

Ground Domain Modeling 
Based on the cooling load calculated according to ACCA Manual J and ACCA Manual S, a 
length for the ground heat exchanger is calculated (ACCA 2016) (ACCA 2014). As the first step, 
the ground heat exchanger length per ton of required heating or cooling is calculated. This 
calculation uses the pipe, ground and grout R-value to calculate an overall R-value for the 
borehole: 

𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑙𝑙𝑙𝑙 �
𝑑𝑑𝑝𝑝,𝑜𝑜

𝑑𝑑𝑝𝑝,𝑖𝑖
�

1
2𝜋𝜋𝑘𝑘𝑝𝑝

 

Where: 

𝑑𝑑𝑝𝑝,𝑜𝑜: the pipe outside diameter 

𝑑𝑑𝑝𝑝,𝑖𝑖 : the pipe inside diameter 

𝑘𝑘𝑝𝑝 : the pipe thermal conductivity 

𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑙𝑙𝑙𝑙 �12𝑥𝑥𝑏𝑏

𝑑𝑑𝑏𝑏
�

2𝜋𝜋𝑘𝑘𝑔𝑔𝑔𝑔
 

Where: 

𝑥𝑥𝑏𝑏: borehole spacing (assumed to be constant at 20 feet) 

𝑑𝑑𝑏𝑏: borehole diameter (assumed to be constant at 5 inches) 

𝑘𝑘𝑔𝑔𝑔𝑔: ground conductivity 

𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =
𝛽𝛽0
𝑘𝑘𝑔𝑔𝑔𝑔

�
𝑑𝑑𝑏𝑏
𝑑𝑑𝑝𝑝,𝑜𝑜

�
𝛽𝛽1

 

Where: 

𝑘𝑘𝑔𝑔𝑔𝑔: grout conductivity 

𝑑𝑑𝑝𝑝,𝑜𝑜: pipe outside diameter 
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𝛽𝛽0 and 𝛽𝛽1 are shape factor parameters, determined based on the U-tube spacing type as described 
in (Paul 1996) based on experimental data (Paul 1996). In OpenStudio-HPXML, values for “a” 
(closely spaced), “b” (moderately spaced), and “c” (maximum spacing) spacing types are 
included, although by default the “b” configuration is always assumed. 

 

 

Figure B-1. Borehole spacing types. In OpenStudio-HPXML, the ‘B’ configuration is used by 
default. 

From (Spitler and Javed 2016) (J. D. Spitler 2016).  

The overall borehole resistance is then calculated as: 

𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 +
𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

2
 

Note that the convection resistance is neglected as testing has shown it has a negligible impact 
when compared to GLHEPro results (J. Spitler 2000). The nominal borehole lengths for heating 
and cooling are then calculated as: 

𝐿𝐿ℎ =
(1 − 𝐸𝐸𝐸𝐸𝐸𝐸ℎ)�𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑅𝑅𝑅𝑅𝑅𝑅ℎ�

𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 −
�2𝑇𝑇ℎ𝑤𝑤,𝑑𝑑𝑑𝑑𝑑𝑑 − ∆𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑�

2

 

𝐿𝐿𝑐𝑐 =
(1 + 𝐸𝐸𝐸𝐸𝐸𝐸𝑐𝑐)�𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐�

�2𝑇𝑇𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑 + ∆𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑�
2 − 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎

 

Where: 

h denotes heating and c denotes cooling 

𝐸𝐸𝐸𝐸𝐸𝐸: the nominal energy input ratio  

𝑅𝑅𝑅𝑅𝑅𝑅: the estimated run time fraction 

𝑇𝑇𝑐𝑐𝑐𝑐,𝑑𝑑𝑑𝑑𝑑𝑑: the design cold water temperature into the heat pump (in °F) 

𝑇𝑇ℎ𝑤𝑤,𝑑𝑑𝑑𝑑𝑑𝑑 : the design hot water temperature into the heat pump (in °F) 
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∆𝑇𝑇𝑑𝑑𝑑𝑑𝑑𝑑: the design temperature difference (constant at 10°F) 

𝑇𝑇𝑑𝑑𝑑𝑑,𝑎𝑎𝑎𝑎𝑎𝑎: the annual average temperature 

The larger of the two lengths is then used to ensure that the ground heat exchanger is large 
enough for operation in both heating and cooling. The design cold and hot water temperatures 
are calculated as simple functions based on weather data: 

𝑇𝑇𝑐𝑐𝑐𝑐 = max (85,𝑇𝑇𝑑𝑑,𝑐𝑐 − 15,𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 + 10) 

𝑇𝑇ℎ𝑤𝑤 = min (35,𝑇𝑇𝑑𝑑,ℎ + 35,𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 − 10) 
Where: 

𝑇𝑇𝑑𝑑,𝑐𝑐: the outdoor air temperature at design cooling conditions 

𝑇𝑇𝑑𝑑,ℎ: the outdoor air temperature at design heating conditions 

Note that while a 30% concentration of glycol is assumed by default for the fluid in the ground 
heat exchanger, a lower limit of 45°F will be applied if pure water is used instead to avoid any 
potential freeze issues. Runtime fractions are calculated as: 

𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒 = min �0.25,
 71 − 𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗

ℎ𝑡𝑡𝑡𝑡
� 

𝑅𝑅𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = min �0.25,
 𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗 − 76

𝑐𝑐𝑐𝑐𝑐𝑐
� 

Where: 

𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗 : average outdoor temperature in January 

𝑇𝑇𝑗𝑗𝑗𝑗𝑗𝑗: average outdoor temperature in July 

ℎ𝑡𝑡𝑡𝑡: difference between the actual setpoint and heating design setpoint (71°F) 

𝑐𝑐𝑐𝑐𝑐𝑐: difference between the actual setpoint and cooling design setpoint (76°F) 

The approach described above is essentially a normalized version of the Level 1 (a method using 
two pulses with a single heating and cooling season design period) methodology, with more 
detail on this methodology seen in Section 2.2.7. For example, the equation for the heating 
length used in Level 1 is: 

𝐿𝐿𝐻𝐻 =
� 𝐶𝐶𝐶𝐶𝑝𝑝𝐻𝐻

𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻 − 1
𝐶𝐶𝐶𝐶𝑃𝑃𝐻𝐻

 � 𝑅𝑅𝑝𝑝 + 𝑅𝑅𝑠𝑠𝑅𝑅𝑅𝑅𝑅𝑅ℎ𝑒𝑒𝑒𝑒𝑒𝑒 � �

�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝐿𝐿�
 

This maps directly to what is implemented in OpenStudio-HPXML, with the following 
assumptions being made: 

• The equation used in OpenStudio-HPXML is normalized by capacity. 
• 𝑇𝑇𝑔𝑔 is equal to the annual average outdoor air temperature. 
• 𝑇𝑇𝐿𝐿 is the average temperature of fluid in the heat exchanger during cooling. 
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This approach makes several simplifying assumptions in terms of the runtime fraction. The 
ground temperature has been updated in what is currently implemented in ResStock to use the 
undisturbed deep ground temperature during the design time of year rather than the annual 
average dry-bulb temperature. 

The normalized values then get multiplied by the required equipment size to determine the total 
borehole length required. With the total length required, the number of boreholes can then be 
calculated. To calculate the number of boreholes required, an initial guess of one borehole for 
every ton of required capacity is used before some geometry parameters are enforced. Each 
borehole must have a minimum depth of 3 feet (0.15 times the borehole spacing, assumed to be 
20 feet), so that the g-function values used later will be valid. A maximum depth of 345 feet is 
also assumed, based on the maximum depth before a mining permit is required in certain states. 
If necessary, these constraints will add or remove a borehole, up to a maximum of 10 boreholes. 
Based on the number of boreholes, the configuration of the bore field is then determined. The 
full list of valid ground heat exchanger configurations is given in Table B-1, with the default 
value denoted. Error checking is also in place to ensure that a g-function exists for the borehole 
configuration and number of boreholes calculated.  

G-functions exist for spacing to depth ratios of <0.02, 0.02-0.03, 0.03-0.05, 0.05-0.1, and >0.1. 
All g-function values are for the same array of: 𝑙𝑙𝑙𝑙(𝑡𝑡/𝑡𝑡𝑠𝑠): [-8.5, -7.8, -7.2, -6.5, -5.9, -5.2, -4.5,  
-3.963, -3.27, -2.864, -2.577, -2.171, -1.884, -1.191, -0.497, -0.274, -0.051, 0.196, 0.419, 0.642, 
0.873, 1.112, 1.335, 1.679, 2.028, 2.275, 3.003]. 

Where: 

𝑡𝑡: time 

𝑡𝑡𝑠𝑠: characteristic time of the ground heat exchanger 

Table B-1. Prior Ground Heat Exchanger Configurations in OpenStudio-HPXML. The Current 
Configuration Used is Shown in Bold. 

Number of Boreholes Configurations 

1 Single 

2 Line 

3 Line, "L" 

4 Line, "L", Rectangle 

5 Line, "L", "U" 

6 Line, "L", Rectangle 

7 Line, "U" 

8 Line, "L2", Open Rectangle, Rectangle 

9 Line, "U", Rectangle 

10 Line, "L2", Open Rectangle, Rectangle 
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For the g-functions, an existing table of values is used in the code. This table is likely based on 
GLHEPro runs, although there is some uncertainty on its source.  

Soil Properties 
At the start of the project, the soil properties defaulted to a conductivity of 1.73 W/m-K, a 
density of 920 kg/m3, a specific heat capacity of 3.5 kJ/kg-K, and a thermal diffusivity of 
5.37x10-7 m2/s. Conductivity values have been updated as described above, with others still used 
in the existing workflow by default. The undisturbed deep ground temperature was originally 
modeled using the Kusuda/Achenbach model (T. A. Kusuda 1965) as implemented in 
EnergyPlus, although as noted the annual average dry-bulb temperature is used instead in some 
calculations (U.S. DOE 2022). The detailed description of the ground temperature model 
implemented in (Xing 2014) above is currently used in ResStock. Inputs for ground properties 
have been added to the HPXML schema, meaning users can now overwrite the default values if 
measured characteristics are available. However, our default assumptions have not changed.  

 

 
Figure B-2: Number of ineligible dwellings by county due to low ground thermal conductivity 

(below 1.4 W/m-K, 7.6% of dwelling units represented in Restock). 
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Appendix C: Comparison of Curve Outputs to 
Manufacturer Data 

 
Figure C-1. Heating curve-fit capacity results verified against manufacturer catalog data 
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Figure C-2. Heating EIR curve-fit capacity results verified against manufacturer catalog data 
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Figure C-3. Cooling capacity curve-fit capacity results verified against manufacturer catalog data 
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Figure C-4. Cooling EIR curve-fit capacity results verified against manufacturer catalog data 
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