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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 site 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 document focuses on a single end-use savings shape measure: Residential Two-Stage
Geothermal Heat Pump (4.0 COP, 20.5 EER). This document builds on details established in the
single-stage document (Maguire et al. 2025) to detail differences in the approach to modeling
this higher efficiency and more commonly deployed, type of geothermal heat pump. Specific
EnergyPlus® objects and product specific curves used are highlighted along with showing the
results of this measure compared to the baseline and single-speed geothermal heat pumps. Two-
speed heat pumps are able to save even more site energy and on utility bills than single-speed
products, albeit at the expense of a higher first cost.
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ResStock 2025 Release 1 Measure Documentation:
Residential Two-Stage Geothermal Heat Pump

Accessing Results

This documentation covers the “Residential Geothermal Heat Pump (4.0 Coefficient of
Performance [COP], 20.5 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

Measure Title Residential Geothermal Heat Pump (4.0 COP, 20.5 EER)—Two-Stage
Compressor, Water-to-Air Geothermal Heat Pump (GHP) With Vertical
Ground Heat Exchanger

Measure This upgrade measure replaces the HVAC system in any existing dwelling unit in

Definition a building less than 8 stories with either ducted heating or ducted cooling to a
two-stage compressor and variable-speed fan, water-to-air heat pump with
vertical ground heat exchanger.

Applicability This measure applies to all dwellings with:

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

e Shared (across multiple units) HYAC 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.

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

e Shared HVAC (across multiple units) in high-rise (=8 floors) buildings
(e.g. multifamily residential buildings)
o 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 ResStock’s 2025 Standard Data Release 1 project file.
File(s)

1
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Relation to Other GHP Models

Unless otherwise noted in this document, it is assumed that certain components of the two-stage
GHP model overlap with (i.e., are the same as) single-stage model components. The following
summarizes these overlapping components:

e Technology summary: The two-stage GHP works using the same general principles as
the single-stage GHP, except that it has a two-stage compressor along with improved
rated heating and cooling efficiency values.

e Applicability: The two-stage GHP applies to the same set of dwelling units as the single-
stage GHP.

e Modeling approach: The two-stage GHP follows the same basic modeling approach as
the single-stage GHP, except that the heat pump performance curves are updated, and a
pump power energy management system (EMS) program is used. The model of the
ground heat exchanger is identical for any GHP.

See the single-stage report (Maguire et al. 2025) for more detailed information about components
that do not change between single-stage and two-stage GHPs. It is recommended to read that
report first to fully understand the background technology, summary, assumptions, and
discussions that were completed as part of this work.

2
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1 Technology Summary

1.1 Introduction to Geothermal Heat Pumps

Geothermal heat pumps (GHPs) are highly efficient systems that provide space heating and
cooling by using the relatively stable temperatures found below the Earth’s surface. GHPs
exchange heat with the ground, where temperatures remain more constant year-round. This
enables GHPs to operate efficiently and reliably in a wide range of climates. GHP systems
typically consist of three main components: a ground heat exchanger, a heat pump unit, and an
air distribution system within the building.

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

Single-stage GHPs operate at full capacity whenever they run, which can lead to energy
inefficiencies under part-load conditions (when the system needs less than its maximum
output).

Two-stage GHPs improve upon this design by adding a second, lower-capacity stage.
This allows the system to operate more efficiently during mild conditions while still
having the capability to switch to full output when demand peaks.

Variable-speed GHPs represent the most advanced option, using inverter-driven
compressors and fans to continuously adjust their output in response to real-time heating
and cooling needs. Unlike single-stage or two-stage systems that operate in discrete steps,
variable-speed systems can modulate across a wide range of capacities. This precise
control enhances energy efficiency, provides more stable indoor temperatures, reduces
humidity swings, and minimizes noise from cycling.

Like single-stage systems, two-stage GHPs draw on the ground’s thermal properties to deliver
heating and cooling via a ground heat exchanger and an indoor heat pump. The difference lies in
the system’s ability to adjust its output. By operating in a low stage under mild conditions, a two-
stage GHP reduces energy use, improves comfort by maintaining more stable temperatures and
humidity, and can result in quieter operation. When heating or cooling demand increases (such as
during extreme weather) the system shifts to high stage for full-capacity operation.

Although two-stage GHPs typically come with higher initial capital costs than single-stage
models, they are usually more energy efficient and can lead to lower lifetime operating costs
(Trane 2023). Due to these advantages, two-stage systems have become the most commonly
installed type of GHP in the residential market, capturing the largest share among GHP
technologies according to the technical advisory group (U.S. EPA, 2025).

The intent of this GHP measure is to reflect the characteristics of a typical water-to-air, two-stage
GHP selected from the 2025 ENERGY STAR® Most Efficient GHP list (U.S. EPA, 2025). The
modeled system assumes a vertical ground heat exchanger configuration, which is a common and
space-efficient option for residential installations.

3
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2 Modeling Approach
2.1 Applicability

Using the same applicability criteria as the single-stage GHP, the two-stage compressor, water-
to-air heat pump with a vertical ground heat exchanger upgrade measure applies to all dwellings
with:

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

e 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

e Dwelling units with ducts

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

With these applicability constraints, the measure upgrade applies to roughly 71% of the existing
residential building stock. 6.4% of the residential units that receive the GHP upgrade lack
existing space cooling systems in the baseline. Units that are excluded from this measure, as
well as more details about GHP modeling and assumptions, are more fully described in the
documentation for the single-stage GHP measure (Maguire et al. 2025).

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. !

2.2 OpenStudio-HPXML Overview

For the two-stage GHP, the same ResStock building energy model and OpenStudio-HPXML
workflow is used as for the single-stage GHP (Maguire et al. 2025).

OpenStudio-HPXML’s apply ground to_air heat pump()? method in OpenStudio-HPXML is
used to assign two-stage levels (and their corresponding performance curves) to water-to-air coil
objects that support variable speeds:

® (CoilCoolingWaterToAirHeatPumpVariableSpeedEquationFit
® (CoilHeatingWaterToAirHeatPumpVariableSpeedEquationFit.

! https://NatLabRockies.github.io/ResStock.github.io/assets/trd/ResStockTechnicalReferenceGuide 2025 1.pdf
2 https://github.com/NatLabRockies/OpenStudio-
HPXML/blob/v1.9.1/HPXMLtoOpenStudio/resources/hvac.rb#L549

4
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This method sets the performance curve models and applies them to the total cooling/heating
capacity and energy input ratio (EIR) as functions of:

e Temperature
e Airflow rate
e Water flow rate.

To convert design-condition loads to rated-condition sizes:

e Cooling: Performance curve values, sensible heat ratio, and sensible cooling capacity at
design conditions (used to determine airflow rates) are calculated using a similar
approach as air-source heat pumps. This differs from single-stage GHPs because their
performance curves have a different structure.

e Heating: Performance curve values for heating capacity at design conditions are
calculated to ensure proper sizing based on the climate. This also follows the approach
used by air-source heat pumps.

2.2.1 Two-Stage GHP Heating and Cooling Efficiency

This measure includes a water-to-air GHP with a two-stage compressor rated at a heating
coefficient of performance (COP) of 4.0 and a rated cooling energy efficiency ratio (EER) of
20.5. The ground heat exchanger shape and properties are the same as used for the single-stage
GHP: rectangular and vertically drilled single U-tube design with thermally enhanced grout and
piping. This section will describe the inputs and modeling methodology for the heat pump. Refer
to the single-stage GHP model documentation (Maguire et al. 2025) for inputs and methodology
not discussed in this document.

The ResStock arguments assigned in the “HVAC Heating Efficiency” characteristic (different
than the default OpenStudio-HPXML defaults) that help distinguish the two-stage GHP from the
single-stage GHP are:

e Heat pump compressor type
e Heat pump heating efficiency
e Heat pump cooling efficiency.

For this measure, the compressor type is two-stage, as stated by the measure definition.

Heating and Cooling Efficiency

As described in the single-stage GHP measure documentation, the following tables summarize
the range EER and COP values based on compressor type.

5
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Table 1. ENERGY STAR 2025 Most Efficient GHP List and the Average COP by Compressor Type

Rated heating COP is defined by the conditions in AHRI Standard 325. Entering water temperature: 32°F, entering
air: 68°F dry bulb, 59°F wet bulb. ENERGY STAR List = U.S. EPA (2025).

COP
Compressor Type Min 25th Mean Median 75th Max
Single-Stage 3.5 3.6 3.8 3.8 39 43
Two-Stage 35 38 4.0 4.0 41 49
Variable-Speed 41 4.3 4.4 4.4 44 46

Table 2. ENERGY STAR 2025 Most Efficient GHP List and the Average EER by Compressor Type

Rated cooling EER is defined by the conditions in AHRI Standard 325. The entering water temperature: 77°F,
entering air: 80.6°F dry bulb, 66.2°F wet bulb. ENERGY STAR List = U.S. EPA (2025).

EER
Compressor Type Min 25th Mean Median 75th Max
Single-Stage 16.0 178 18.8 18.6 196 223
Two-Stage 16.0 19.2 205 20.5 220 26.1

Variable-Speed 263 296 309 30.9 32.3 3338

Using the data from ENERGY STAR 2025 Most Efficient GHP list and the processed metrics in
Table 1 and Table 2, the median values were chosen for the two-stage upgrade GHP measure
inputs: a heating efficiency of 4.0 COP and cooling efficiency of 20.5 EER.

Summary of Inputs That Are Different Than the Single-Stage GHP Measure

While some of the key inputs and their values are discussed above, Table 3 summarizes the
inputs for the two-stage GHP measure in ResStock and OpenStudio-HPXML.

Table 3. Summary of the Two-Stage GHP Measure Inputs That Differ From Those of the Single-
Stage GHP Measure

Input Value Source

Heat Pump Compressor Type Two-stage The measure definition

Heat Pump Cooling Efficiency Type 20.5 ENERGY STAR 2025 Most Efficient List
Heat Pump Heating Efficiency 4.0 ENERGY STAR 2025 Most Efficient List

2.2.2 Two-Stage GHP Performance Curves

GHPs are highly efficient systems that use the relatively constant temperature of the Earth to
provide heating and cooling for buildings. Accurately modeling the performance of GHPs in
building energy simulation tools like EnergyPlus® is critical for evaluating system performance,
energy consumption, and cost-effectiveness under different operating conditions.

Unlike single-stage equipment, two-stage and variable-speed GHPs can operate at multiple
capacity levels, allowing them to better match building loads and improve part-load efficiency.
To capture this behavior in EnergyPlus, the
Coil:Cooling:WaterToAirHeatPump:VariableSpeedEquationFit and
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Coil:Heating:WaterToAirHeatPump:VariableSpeedEquationFit objects are used. These
components rely on a suite of performance curves to simulate how the system responds to
changes in water and air temperatures, as well as airflow and water flow rates. Despite
“VariableSpeed” in the name, this object is the best EnergyPlus model for two-stage equipment
as well as fully variable-speed.

Each curve provides a mathematical relationship between a key input (e.g., entering water
temperature, airflow fraction) and the resulting system output, such as capacity or efficiency.
These relationships are derived from manufacturer data, laboratory testing, or calibrated models
and are essential for producing accurate, realistic simulations of two-stage GHP operation.

To fully represent system performance across both part-load and full-load conditions for heating
and cooling, the following sets of performance curves are required:

The efficiency of the GHP as a function of water and air temperature (biquadratic)
The capacity of the GHP as a function of water and air temperature (biquadratic)
The efficiency of the GHP as a function of airflow fraction (quadratic or cubic)
The capacity of the GHP as a function of airflow fraction (quadratic or cubic)

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

The EnergyPlus Auxiliary Program: HVAC Performance Curve Fit Tool was used to develop the
biquadratic curves for capacity and efficiency as function of temperatures (Big Ladder 2024).
The tool is designed for direct expansion coil performance curves, which depend on two air
temperatures, but appropriate biquadratic curves can be generated using the same tool if water
temperature is used instead of one air temperature. The approach used is consistent for all GHP
measures in ResStock, with additional curves being developed for each stage for coils that can
operate at multiple stages.

The two-stage GHP performance curves were developed based on data provided in the spec sheet
for a 3-ton Tranquility 30 SE two-stage GHP manufactured by ClimateMaster (ClimateMaster
2025). This model is in the same product line as what was used for the single-stage GHP
performance curves. The same overall approach described in the performance curve section of
the single-stage GHP documentation for deriving performance curves is used for the two-stage
GHP system, with some exceptions noted here. The two-stage GHP spec sheets provide data for
performance at both part-load and full-load conditions, which means that two separate
performance maps are required for the lower and higher stages. Nominal points are at the same
temperatures as single-stage equipment (70°F/80°F entering water/air temperature for cooling
and 70°F/70°F entering water/air temperature for heating), with the highest airflow and water
flow rate (1,200 cfm and 9 gal/min, respectively) provided used for both part-load and full-load
conditions as the nominal condition. Off-rated air and water flow rates are accounted for using
the curves shown later in this report.

After generating coefficients with the spreadsheet tool from EnergyPlus, the original
manufacturer catalog data were compared with the curve-fit data to ensure the correctness of the
curve coefficients. These comparisons are documented in Appendix A.
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Quadratic curves for the impact of airflow and water flow on efficiency and capacity can be
generated by fitting directly to published data of a product at nominal conditions. As these curves
are simpler and made up of fewer points, a simple quadratic regression can yield a good fit for
each curve. While two-stage GHP systems typically operate at the nominal flow rate for each
stage when in low- and high-stage operation, flow rates may be reduced due to equipment faults
and degradation, which are modeled within OpenStudio-HPXML, and these curves can capture
the impact of faults on the annual performance of affected systems.

Note that a part-load fraction curve is also required for two-stage equipment to capture the
performance of this equipment during very low-load situations where the required heating or
cooling is less than what is provided at the lower stage. The part-load curve used for the two-
stage GHP is identical to the curve used for the single-stage GHP and is therefore not shown
here. Refer to the single-stage GHP documentation (Maguire et al. 2025) for the part-load curve
and details of its derivation.

Plots of the performance curves for the two-stage GHP are shown next.

2.2.2.1 Full-Load Heating

Tairl Twater— 0 25 3 7.5 10 125 15 17.5 20 22.5 25 27.5 30
10 01%3 0184 0176 0169 0165 0158 0155 0149 0146 0144 0142 0141 0141

125 0204 0155 0.187 0180 0173 0167 0163 0158 0155 0152 0151 0150 0149

15 0215 0206 O01% 01%0 0185 0177 0172 0168 0164 0161 0159 0158 0157

175 0226 0217 0208 0201 019 0187 0.182 0177 0173 0170 0.168 0.166 0.165

200 0238 0228 0219 0211 0204 0197 0152 0187 0182 0173 0176 0175 0174

225/ 0249 0240 0230 0222 0214 0208 0202 019 0192 0.188 0.185 0.183 0.182

250 0261 0251 0241 0233 0225 0218 0212 0206 0201 0157 01%4 0192 0190

27500375 03262 0255 03244 0236 0228 0222 0216 0211 0207 0205 0200 0199

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

Tair-l- Twater— 0 25 5 15 10 125 15 175 20 225 25 275 30
10 8594 5202 B804 10400 10990 11573 12150 12721 13286 13845 14398 14045 15485

125 8544 G148 5748 10340 10926 11507 12081 12649 13210 13766 14315 14859 15396

15 8454 5096 9691 10281 10864 11441 12012 12576 13135 13687 14235 14773 15307

175 8445 G044 8636 10222 10802 11375 11843 12504 13060 13609 14152 14589 15219

20 B397 B992 8580 10163 10740 11310 11875 12453 12985 13551 14070 14604 15153

225 8348 82940 9526 10105 10679 11246 11807 12362 12911 13453 13990 14520 15044

25 B300 BEBS 8471 10048 10618 11182 11740 12291 12837 13576 13909 14457 14957

275 B253 BB38 5417 9991 10557 11118 11673 12221 12763 13500 135B30 14353 14871

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

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

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

2.2.2.2 Full-Load Cooling

Tair.- Twater-» 10 13 16 19 22 25 28 31 34 37 40

10 0168 0177 0.188 0.235 0256 0279 0305 0335 0.363
0.216 0.235 0257 0.281 0308 0337 0.369
0.200 0218 0238 0261 0286 0314 0344
0.186 0.202 0222 0243 0267 0295 0322 0354
0.175 0.1%0 0208 0228 0250 0276 0303 0.333
0.166 0.180 0197 0215 0237 0260 0287 0315
0161 0173 0188 0206 0225 0248 0273 0.300

Figure 7. Full-load cooling efficiency (EIR) as a function of air temperature (°C) and water
temperature (°C)
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Tair.] Twater—> 10 13 16 19 22 25 28 31 34 37 40 43 46

10 8928 8897 2838 B751 8636 8494 8124 mﬁ
125 9834 09784 9706 9600 9466 9303 9113 BE94  B64E  B3/3  EO71

15 10742 10672 10575 10449 10295 10114 9904 9666 9400 9106 5784  B434  BOS6
175 11650 11561 11444 11299 11126 10925 10695 10438 10153 OB39 9498 0128 B731

20 12559 12450 12314 12149 11957 11736 11488 11211 10906 10573 10212 9824 9407

2250 13468 13340 13184 15000 127BR 12548 12280 11984 11660 11308 10828 10519 10083

25[ 14378 14231 14055 13852 13621 1331 13074 12758 12415 12043 11643 11215 10760

Figure 8. Full-load cooling capacity (W) as a function of air temperature (°C) and water
temperature (°C)

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

11

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



Cooling capacity function of airflow - full load
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Figure 10. Full-load cooling capacity as a function of airflow

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

2.2.2.3 Part-Load Heating

Tair Twater— 0 25 5 7.5 10 125
10 0179 018 0159 0150 0143 0136

125 01%2 0181 0171 0162 0154 0.146

15 0.205 0194 0183 0174 0165 0.157

175 0218 0206 019 0185 0176 0.168 0.160 0.154 0.148 0.143 0.159 0.136

200 0231 0219 0208 0197 0188 0179 0171 0.164 0.157 0.152 0.148 0.144 D.141

15 175 200 225 25 275 30

215 0.232 0220 0209 0199 0.1%0 0181 0.174 0.167 0.161 0.156 0.152 0.149
25 0232 0221 0210 0201 0192 0.184 0177 0.171 0.165 0.161 0.157
275 0.233 0222 0.212 0205 0.194 0.187 0.180 0.174 0.169 D.165

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

Taird- Twater— 7.5 10 125 15 175 20
10 7587 8027  B462  BB93 9318 9738 10153
125 7554 7992  B425  BE>4 9277 9695 10108
15 7520 7957 B3BE  BBIS 9236 9652 10064
175 7487 7921 B35l  BYVS 9195 9609 10019
20 7454 7BBA  B314  B736 9154 9567 9974
225 7420 7851  B277  BGST 9113 9524 9930
25 7387 7816 B239  BASE 9072 9481 9OBBS
215 7353 778D B202  BEl9 9031 9438 9B4D

Figure 14. Part-load heating capacity (W) as a function of air temperature (°C) and water
temperature (°C)
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Heating EIR function of airflow - part-load
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Figure 15. Part-load heating efficiency (EIR) as a function of airflow
Heating capacity function of airflow - part-load
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Figure 16. Part-load heating capacity as a function of airflow
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Heating EIR function of water flow - part-load
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Figure 17. Part-load heating efficiency (EIR) as a function of water flow
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Figure 18. Part-load heating capacity as a function of water flow
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2.2.2.4 Part-Load Cooling

Taird Twater— 10 13 16 1% 22 25 28 31 34 37 40 43 46
10 0138 0150 0165 0183 0.204 0228 0254 0284 0317 0.352
0.146 0162 0. 0.202 0226 0253 0283 0317 0353
0.201 0226 0254 0285 0319 0D.355
0181 0204 0229 03258 0289 0323 0.361
0165 0185 0208 0234 0263 0295 0.330
0152 0170 0121 0215 0242 0272 0.304
0144 0160 0178 0200 0224 0252 0.282

Figure 19. Part-load cooling efficiency (EIR) as a function of air temperature (°C) and water
temperature (°C)

Tair)- Twater- 10 13 16 1% 22 25 28
10 6528 B480 412 6325 6094 5850
125 7265 7199 7114 7009 6BES 6743 6580 6198 5978
15 2002 7918 7815 7693 7551 7391 7211 7012 6793 6555
175 B739  Be37  B517 8377 8217 BO39 7841 7Te24 7388 7132 6ESE 6564 6251
20 4786 9357 9218 9060 B8BB3 8687 8471 B237 7983 T709 7417 7105 6774

225 9744 9549 9335 9102 B8B49 B577 B2B6 7976 TB47 7298
25 9732 9462 9172 BB63 B535 8188 7821
Figure 20. Part-load cooling capacity (W) as a function of air temperature (°C) and water
temperature (°C)
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Figure 21. Part-load cooling efficiency (EIR) as a function of airflow
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Figure 22. Part-load cooling capacity as a function of airflow
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Figure 23. Part-load cooling efficiency (EIR) as a function of water flow
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Figure 24. Part-load cooling capacity as a function of water flow

2.2.3 EnergyPlus Energy Management System Correction to Pump Power

The EnergyPlus models with the variable-speed water-to-air coil object for two-stage and
variable-speed water-to-air GHP systems did not by default model the expected behavior of the
pump for these GHP systems. To modify the default behavior to try to more accurately model the
pump behavior, especially in cases where the GHP is in part-load conditions, a custom energy
management system (EMS) script was developed and added to the OpenStudio-HPXML
workflow. EMS is a custom scripting language packaged with EnergyPlus that allows users to
write short custom programs to modify the behavior of certain components of the model. In
addition to developing the standard EnergyPlus GHP models, an EMS program was developed to
overcome the limitations in current EnergyPlus capabilities to model the two-stage water-to-air
GHP systems:

1. There is an improper limit on the node water flow rate found in EnergyPlus. This limit
will cause the pump water flow rates to be capped at the first-stage nominal flow rate,
and the remaining water flow is bypassed. It will likely cause warnings/errors
complaining about unrealistic water temperatures due to the reduced water flow rates,
which largely impacts the accuracy and stability of simulation. This limitation was fixed
by the ResStock team and will be included in future EnergyPlus releases from 25.1.0
onward. See the merged EnergyPlus pull request® for the full details of this change.

2. EnergyPlus models a constant water mass flow rate equal to the first-stage flow rate
during part-load conditions, where the heat pump may only be running for part of the
time step, and the average flow rate over the time step may be less than the minimum
even with a two-stage pump. This affects the pump energy calculation, which is fixed by
the EMS program described below. In addition, an EnergyPlus issue* was created to

3 https://github.com/NatLabRockies/EnergyPlus/pull/11005
4 https://github.com/NatLabRockies/EnergyPlus/issues/10936

18

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


https://github.com/NatLabRockies/EnergyPlus/pull/11005
https://github.com/NatLabRockies/EnergyPlus/issues/10936

report this defect to the development team. Ideally the defect will be fixed in the future
version of EnergyPlus, and then the EMS workaround can be eliminated or simplified.

In this case, an EMS program is used to recalculate the pump power in every time step. It
involves two steps:

1. Calculate the correct pump power if part-load conditions exist. The internal EnergyPlus
pump energy calculations do not handle the pump part-load ratio correctly in the use
case. The pump part-load ratio at each time step is recalculated in the EMS program
based on pump volume flow rates and heat pump coil speed levels/ratios. The part-load
ratio is assumed to be equal to the fraction of pump full-load power.

2. Apply the calculated fraction to calculate and override the pump power consumption at
each time step.

Even though EMS programs offer flexibility for users to override some aspects of EnergyPlus
simulation and achieve the desired energy results, there are still some limitations to using EMS
programs. The EMS program described above is included in OpenStudio-HPXML, but other
EnergyPlus modelers would not have easy access to it and may not know about the limitations
requiring its use. EMS also adds complexity to the models, may impact simulation runtime, and
may cause one-time-step lag on reporting the energy consumption of components controlled via
EMS. Therefore, if the EnergyPlus issue being reported can be fixed in the future versions, it will
largely simplify the workflow and benefit more users of these EnergyPlus objects.

Combining all the efforts above, OpenStudio-HPXML is capable of modeling the desired pump
operation and giving satisfying pump energy results for two-stage GHP systems.

2.3 Limitations and Concerns
Some limitations unique to two-stage GHPs include:

1. The two-stage GHP uses EMS to account for energy consumption of the pump when
modeled as operating below the lowest stage. A change to the EnergyPlus source code
would be ideal and more widely accessible than the EMS-based approach used here, but
source code changes can be complicated, time-consuming, and require expertise with the
C++ based source code. Future runs will also use the bug fixed version of EnergyPlus,
and the impact of the EMS workaround described here will need to be re-evaluated with
the newer releases.

2. Desuperheater curves were not developed for two-stage equipment. Although data are
available for desuperheater performance at both stages, adding a desuperheater to a GHP
is relatively uncommon and assumed to not happen in ResStock when applying GHPs as
an upgrade. This capability may be added to OpenStudio-HPXML in the future, which
would make it available to be leveraged in ResStock for future runs.

Note that the limitations listed in the single-stage GHP measure documentation apply to all

GHPs modeled in ResStock, particularly when it comes to modeling of the ground heat
exchanger.
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3 Results
3.1 Annual Stock Savings

Figure 25 shows the annual site energy consumption for homes with and without GHP upgrades.
Homes with a single-stage GHP upgrade are also shown as a point of comparison for the two-
stage GHP upgrade. Note that the figures show two sets of dwellings: the top figure includes the
entire housing stock, including homes that GHP upgrades do not apply to, in both the baseline
and upgrade scenarios. All results are in site energy in TBtu regardless of fuel used. This
captures the impact of the upgrades on all homes across the country, which may be of interest to
certain stakeholders who care about the entire load post-upgrade. The bottom figure only shows
dwellings that could receive a GHP as an upgrade for both the baseline and upgrade scenarios.
This result makes it easier to determine the impact of the upgrades on the applicable stock by
excluding buildings that do not receive an upgrade. Note that homes that a GHP upgrade does
not apply to (most often due to a lack of ducts) make up about 25% of the building stock. Refer
to the “Applicability” section of the single-stage GHP measure documentation to see the full list
of criteria that determines which dwellings can receive a GHP as an upgrade.

When two-stage GHPs are considered as an upgrade, this leads to a substantial amount of fuel
switching for heating, even when considering the portion of homes where the upgrade does not
apply, which leads to an increase in heating electricity consumption. This change is larger than
the reduction in electricity consumption resulting from replacing existing cooling equipment
with the more efficient two-stage GHP across the entire stock.

For dwellings that can receive a two-stage GHP as an upgrade, cooling electricity consumption is
35% less and heating electricity consumption is 168% larger than the baseline, which still
substantially reduces the overall energy consumption of the residential stock when this upgrade
is applied. A two-stage GHP also saves substantially more energy than the single-stage GHP
considered here, with savings of 12% over the single-stage case when considering the portion of
the stock that can receive a GHP and 8% when considering the entire stock.
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Figure 25. Annual energy consumption of dwellings in the baseline and with single-stage and two-
stage GHP upgrades

The top figure shows all dwellings, including those the GHP upgrades may not apply to, while the bottom figure is
filtered to only show applicable buildings in both the baseline and upgrade scenarios.
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Figure 26 shows the annual energy consumption of the portion of the housing stock that can
receive a GHP upgrade split out by heating fuel type of the baseline buildings. The majority of
the stock uses natural gas for heating. All segments reduce energy consumption for both heating
and cooling when moving to a GHP upgrade. For homes that use natural gas for heating, two-
stage GHPs reduce energy use for heating by 76% and cooling by 40% compared to the baseline.
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Figure 26. Annual energy consumption for baseline, single-stage GHP, and two-stage GHP
upgrades for dwellings separated by baseline heating fuel
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Figure 27 shows the annual energy consumption for the applicable portion of the stock for the
baseline, single-stage GHP upgrade, and two-stage GHP upgrade separated by Building America
climate zone. GHPs show substantial savings potential in cold climates, which also contain the
largest number of dwellings, with two-stage GHPs using 32% less energy for heating than
single-stage systems along with some additional cooling savings. Across all climate zones, GHPs
may reduce electricity consumption during the cooling seasons but increase electricity
consumption during the heating season while saving energy overall due to the higher efficiency
of the equipment.
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Figure 27. Annual energy consumption for baseline, single-stage GHP, and two-stage GHP
upgrades for dwellings separated by Building America climate zone
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3.2 State Average Energy Savings and GHP Efficiency

Figure 28 shows the cooling energy savings for homes receiving the upgrade over the baseline
by state for the contiguous United States. Vermont has the least savings, largely due to the low
amount of cooling equipment present there in the baseline. Negative savings, or an increase in
cooling energy, happens in several colder climate zones, notably in northern New England,
where cooling equipment in the baseline is less common. Note that fewer states have negative
savings when using a two-stage GHP than when using a single-stage GHP due to the higher
efficiency of the two-stage equipment.
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Figure 28. Annual cooling energy savings for a two-stage GHP over the baseline
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Figure 29 shows the heating energy savings from installing a two-stage GHP compared to the
baseline. In general, the Southeast exhibits smaller savings percentages than the rest of the
contiguous United States. This is because many homes in this region already use electric heating
systems (such as electric resistance or heat pumps) in the baseline scenario. In contrast, much of
the rest of the country relies on combustion-based HVAC systems, which have inherent heat
losses due to exhaust from combustion products. Georgia shows relatively higher heating savings
as a percentage because the Atlanta area (where a large portion of the state’s residential stock is
located) primarily uses natural gas for heating. The range of cooling energy savings is narrower
than the range of heating energy savings. This is partly because nearly every home already has
some form of heating in the baseline.
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Figure 29. Annual heating energy savings for a two-stage GHP over the baseline
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Figure 30 shows the simulated heating COP by state for homes that receive a two-stage GHP
upgrade. Efficiency is highest in the hottest climate zones, which have the warmest ground
temperature during winter but also the lowest loads, so they may not save as much energy on an
absolute basis. All states have a high average simulated heating COP, notably higher than the
single-stage GHP case, with the minimum state average simulated COP of 2.7 in North Dakota.
Note that individual buildings may have lower COPs than the state average and that duct losses
may reduce the overall efficiency of heating and cooling beyond the COP of the equipment
shown here.
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Figure 30. Average simulated heating COP of a two-stage GHP by state
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Figure 31 shows the average cooling COP in each state for homes that receive a two-stage GHP
upgrade. This COP is highest in cold climate zones, with the highest values seen in Idaho,
Montana, North Dakota, and Wyoming. Like with heating, the highest efficiency occurs in the
states with the lowest overall load, and the two-stage GHP systems are consistently more
efficient than single-stage GHPs. Cooling COP varies more than heating COP across states, but
the lowest cooling COP is close to the highest COP seen during heating. Average COPs seen
here are also higher than the average COP of air conditioners in the baseline case as shown by
the savings seen in Figure 29, indicating that GHPs could lead to substantial savings for the
overall stock for both heating and cooling.
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Figure 31. Average simulated cooling COP of a two-stage GHP by state

3.3 Annual Energy Bill Impact for Applicable Dwelling Units Only

Energy bills for applicable dwelling units only are shown in the following figures. On average,
energy bills decreased 11% for the two-stage GHP. This is a greater percent savings than the
single-stage GHP, which was a 3% energy bill decrease on average. The average energy bill for
the two-stage GHP is shown in Figure 32. 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 switching from non-electric heating to electric heating, and then some units receiving
cooling if they did not have air conditioning before the two-stage GHP.
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Figure 32. Average annual energy bill broken out by fuel type for dwelling units that received the
two-stage GHP

When comparing the average single-stage GHP energy bill to the average two-stage GHP energy
bills, the two-stage GHP energy bill is about 12% less than the single-stage energy bill. This is
seen in Figure 33.
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Figure 33. Average annual energy bill comparison between single-stage (single-speed) and two-
stage (dual-speed) GHP broken out by fuel type for applicable dwelling units only

For the two-stage GHP, the average energy bill decreases across all Building America climate
zones, with the most significant savings seen in the Subarctic region.
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Figure 34. Average annual energy bill broken out by Building America climate zone for applicable
dwelling units only

When comparing single-stage directly to two-stage GHP energy bills across Building America
climate zones, the two-stage GHP further reduces the energy bill in each climate zone.
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Figure 35. Average annual energy bill comparison broken out by Building America climate zone
for single-stage (single-speed) and two-stage (dual-speed) GHPs

3.4 Electric Panel Impact

This section details the impact the two-stage GHP upgrade will have on electrical panels. The
modeling assumptions and details about electric panels in ResStock can be found in the single-
stage GHP documentation (Maguire et al. 2025).
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First, Figure 36 and Figure 37 show information about the ResStock 2025 Release 1 baseline
housing stock electric panel distribution. Figure 36 shows in the first column, “All”, that about
35% of all dwelling units have 0 or only 1 breaker space available. Figure 37 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 two-stage GHP retrofit could 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.
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Figure 36. Baseline electric panel breaker spaces available by electric panel service rating
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Figure 37. Baseline electric panel constraint type by electric panel service rating

Figure 38 shows the distribution of panel constraints overall (see the first column), and then by
heating fuel for dwelling units that receive the two-stage GHP. It is estimated that about 38% of
dwelling units upgrading to a two-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 26, these results are heavily weighted by dwelling units that have natural gas as their
original heating fuel.
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Figure 38. Distribution of panel constraints by heating fuel

The next three figures show percentages of dwelling units for each state that would have some
type of electric panel constraint after the two-stage GHP upgrade. Figure 39 shows a range of
11% to 70% of dwelling units that would have either a capacity and/or space constraint after the
two-stage GHP upgrade. Specifically looking at space constraints, Figure 40 shows a smaller
range from about 4% to 54% of dwelling units that would have a space constraint. Finally,
Figure 41 shows a range of roughly 7% to 48% of dwelling units would have a capacity
constraint.
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Figure 39. Percent of dwelling units with an electric panel constraint (capacity and/or space) by
state after a two-stage GHP
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Figure 40. Percent of dwelling units with an electric panel space constraint by state after a two-
stage GHP
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Figure 41. Percent of dwelling units with an electric panel capacity constraint by state after a two-
stage GHP
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Appendix A. Comparison Between Curve Fits and
Manufacturer Data for Two-Stage GHP Curves

Manufacturer Data

TairJ. Twater—= degreeF 30 40 50 60 70 80 85
degreeF degreeC  -1.11 444 10.00 1556 21.11 26.67 29.44
50 10.00 0.195 0.175 0.162
55 12,78 0.208 0.187 0.173 0.163
60 15.56 0.222 0.199 0.184 0.173 0.165 0.159 0.156
65 18.33 0.235 0.211 0.195 0.183 0.175 0.169 0.166
70 21.11 0.248 0.223 0.200 0.194 0.185 0.178 0.175
75 23.89 0.235 0.217 0.204 0.195 0.188 0.185
80 20.67 0.247 0.229 0.215 0.205 0.198 0.195
Curvefit Data
Tairl- Twater= -1.11 444 10,00 1556 21.11 26.67 29.44
50 10.00 0.197 0.178 0.163
55 12,78 0.209 0.190 0.174 0.163
60 15.56 0.222 0.202 0.180 0.173 0.165 0.160 0.159
65 18.33 0.235 0.214 0.197 0.184 0.175 0.169 0.168
70 21.11 0.248 0.226 0.209 0.195 0.185 0.179 04177
75 23.89 0.239 0.220 0.206 0.195 0.189 0.187
80 20.67 0.232 0.217 0.206 0.198 0.1%
Difference
Tairl- Twater= -1.11 444 10,00 1556 21.11 26.67 29.44
50 10.00 -0.002 -0.003 -0.001 0.000 0.001 4).001.
55 12.78 -0.001 0.000 0.000 -0.001

&0 0.000 0.000 -0.001 -0.003
65 -0.001 0.000 -0.001 -0.002
70 -0.001 0.000 -0.001 -0.002
75 -0.002 0.000 -0.001 -0.002
80 -0.002 0.000 0.000 -0.001

Figure A-1. Full-load heating curve-fit EIR results verified against manufacturer catalog data
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Manufacturer Data

degreef 30 40 50 &0 70 80 85
degreeF TairJl Twater— -1.11 4.44 10.00 15.56 21.11 26.67 29.44
50 10.00 11021.0 12293.7 13537.6

55 12.78 109458 12209.9 13445.2
60 15.56 10881.3 12138.0 13366.1
65 18.33 10806.1 12054.1 13273.7
70 21.11 10741.7 11982.2 131945
75 23.89 10677.2 11910.3 131154
80 26.67 10602.1 118264 13023.0
Curvefit Data

Taird Twater> 111 444 1000 1556  21.11  26.67  29.44
50 10.00 10989.5 12277.8
55 12.78 10919.5 12199.7
60 15.56 10849.9 12122.1
65 18.33 10781.0 12045.1
70 21.11 10712.6 11968.7
75 23.89 10644.7 11892.9
80 26.67 10577.5 11817.6

Difference

Taird Twater>  -1.11 444 1000 1556  21.11  26.67  29.44
50 10.00 88 194 16.0 18.3 23.4
55 12.78 60 154 10.2 11.6 16.5
60 1556 108  20.2 15.9 18.7 24.1
65 18.33 69 150 9.0 10.9 16.1
70 2111 105 187 13.5 16.9 226
75 23.89 136 219 17.4 47 223 285
80 26.67 80 150 89l 44 12.8 18.8

Figure A-2. Full-load heating curve-fit capacity results verified against manufacturer catalog data
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Manufacturer Data

degreeF 50 B0 70 30 85 90 100 110 120
degreeF Tair.)l Twater— 1000 1556 2111 2667 2944 3222 3778 4333 48.89
45 7.22 0186 0204 0230 0264 0286 0310 0368
50 1000 0162 0185 0208 0240 0260 0282 0334 03597
55 0170 0191 0220 0238 0259 0306 0365
60 0177 0204 0221 0239 0284 0338 0399
65 0165 0190 02056 0224 0265 0315 0373
67 0161 0186 0201 0218 0258 0307 0363
70 0179 0194 0210 0249 0.296 0350
75 0169 0183 0199 0235 0.280 0331
Curvefit Data
Tair.l. Twater—» 1000 1556 2111 2667 2944 3232 3778 4333 4889
45 7.22/ 0185 0206 0234 0272 0293 0317
50 1000 0168 0186 0212 0246 0267 0289
55 1278 0170 0193 0224 0243 0.264
60 1556 0177 0206 0223 0243 0289 0343 0405
65 18.33 0190 0207 0225 0268 0319 0379
67 1944 0185 0201 0.219 0260 0310 0369
70 2111 0178 0193 0210 0250 0.299 0355
75 23.89 0170 0183 0199 0236 0.281 0336
Difference
Tair.l. Twater—» 10,00 1556 2111 2667 2944 32322 3778 4333 4889
45 7.22 0001 -0.002 -0.005 -0.007 -0.007 -0.007 -0.003 0.004
50 10,00 0.001 -0.001 -0.004 -0.006 -0.007 -0.007 -0.006 -0.003 0.002
55 1278 0,000 0000 -0.002 -0.004 -0.005 -0.006 -0.006 -0.005 -0.004
B0 1556 -0.001 0000 0000 -0.002 -0.003 -0.004 -0.005 -0.005 -0.006
65 18.33 -0.003 0000 0001 0000 -0.001 -0.001 -0.003 -0.004 -0.006
67 1944 -0.005 <0001 0001 0000 0000 -0.001 -0.002 -0.003 -0.006
70 2111 -0.008 -0.003 0.000 0000 0000 0000 -0.001 -0.002 -0.005
75 23.89 -0.007 -0.002 -0.001 0000 0.000 0000 -0.002 -0.004

Figure A-3. Full-load cooling curve-fit EIR results verified against manufacturer catalog data
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Manufacturer Data

degreeF 50 60 70 8 85 % 100 110 120
degreeF Tairl Twater> 1000 1556 21.11 26.67 29.44 3222 37.78 43.33 48.89
a5 7.22 78983 7973.2 7804.8 7486.6 7280.7 7074.8
50 10.00 8856.8 8940.8 8751.9 8395.1 81642 79334 7408.7 6925.9
55 12.78 98153 9908.3 9599.0 9303.6 9047.7 87919 82104 7675.5 72335
60 15.56 10785.9 10888.1 10658.1 10223.6 99424 9661.3 9022.3 84345 7948.8
65 18.33 11744.4 11855.7 11605.2 11132.1 10826.0 10519.8 9824.1 9184.0 8655.2
67 19.44 12132.6 12247.6 11988.9 11500.1 11183.9 10867.6 10148.8 9487.6 8941.3
70 21.11 12715.0 128355 12564.3 12052.1 11720.7 11389.2 10636.0 9943.0 9370.5
75 23.89/13673.5 13803.1 13511.4 12960.6 12604.2 12247.8 11437.7 10692.5 10076.9

Curvefit Data
Taird- Twater—> 10.00 1556 2111 26.67 29.44 3222 3778 43.33 48.89

45 7.22 7920.6 7881.6 7746.4 75150 7363.2 7187.4 6763.6
50 10.00 8927.6 8848.6 8673.4 8402.0 8230.3 80345 7570.7 7010.7
55 12.78 9935.2 98163 9601.2 9289.8 9098.1 8882.3 8378.5 7778.6 70825
60 15.56 10943.7 10784.8 10529.7 10178.4 9966.6 9730.8 9187.1 8547.2 78111
65 18.33 11952.9 11754.0 11458.9 11067.6 10835.9 10580.2 9996.5 9316.6 8540.5
67 19.44 12356.8 12141.9 11830.8 11423.6 11183.9 10920.1 10320.4 9624.5 88325
70 21.11 12962.9 12724.0 12388.9 11957.7 11706.0 11430.2 10806.6 10086.7 9270.7
75 23.89/13973.6 13694.7 13319.7 12848.5 12576.8 12281.1 11617.4 10857.6 10001.6
Difference

Tairl Twater> 1000 1556 21.11 26.67 29.44 3222 37.78 43.33  48.89
45 722 223/ 916 583 284 825 -112.6 -1567 -67.2
50 10.00 -70.7 922 785 -70 -66.1 -101.1 -162.0 -84.8
55 1278 -1200 920 978 138 -50.3 -904 -1681 -103.1
60 1556 -157.8 1033 1284 452 242 -69.5 -1648 -112.7
65 18.33 -2085 1017 645 -10.0 -60.3 -172.4 -132.6 1147
67 19.44 2242 105.7 765 00 525 -171.6 -137.0 108.9
70 2111 24789 1115 944 147 410 -1706 -143.7 999
75 23.80| 3001 108.3 1121 274 -33.3 -179.7 -1651 753

Figure A-4. Full-load cooling curve-fit capacity results verified against manufacturer catalog data
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Manufacturer Data

degreeF 30 40 50 60 70 80 85
degreeF TairJ, Twater= -1.11 4.44 10.00 15.56 21.11 26.67 29.44

50 10.00 0.183 0.159 0.143 0.130
35 12.78 0.198 0.172 0.154 0.141 0.129

60 1556 0.213 0.186 0.166 0.152 0.139 0.130 0.126
65 18.33 0.229 0.199 0.178 0.163 0.149 0.139 0.135
70 21.11 0.244 0.213 0.191 0.174 0.159 0.148 0.144
75 23.89 0.226 0.203 0.185 0.169 0.158 0.154
80 26.67 0.240 0.215 0.196 0.180 0.168 0.163
Curvefit Data

Tair) Twater> -1.11 4.44 10.00 1556 21.11 26.67 29.44
50 10.00 0.184 0.161 0.143 0.128
55 12.78 0.199 0.175 0.155 0.139 0.128
60 1556 0.213 0.188 0.167 0.151 0.138 0.130 0.128
65 18.33 0.228 0.202 0.180 0.162 0.149 0.140 0.137
70 21.11 0.243 0.216 0.193 0.174 0.159 0.149 0.145
75 23.89 0.229 0.205 0.185 0.170 0.158 0.154
80 26.67 0.243 0.218 0.197 0.180 0.168 0.163

Difference

Tair) Twater> -1.11 4.44 10.00 1556 21.11 26.67 29.44
50 10.00 -0.001 -0.002 0.000/ 0.002 0.001 -0.001/50.003
55 12.78 -0.001/-0.002 -0.001 0.001 0.001 -0.001 -0.002
60 15.56 0.000/-0.003 -0.001 0.001 0.001 -0.001 -0.002
65 0.000 0.000 -0.001 -0.001
70 0.000 0.000 0.000 -0.001
75 0.000 0.000 0.000 -0.001
80 -0.001 -0.001 0.000 0.000

Figure A-5. Part-load heating curve-fit EIR results verified against manufacturer catalog data
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Manufacturer Data

degreeF 30 40 50 60 70 80 85

degreeF Tair| Twater—3 -1.11 444  10.00 15.56 21.11 26.67  29.44
50 10.00 8033.4 B978.5 99236
55 12.78 7994.0 8934.5 9875.0
60 15.56 7954.6 8890.5 9826.3
65 18.33 7915.3 8846.5 9777.7
70 21.11 7875.9 B8802.4 9729.0
75 23.89 7836.5 B8758.4 9680.4
80 26.67 77971 8714.4 9631.7

Curvefit Data

Tair.], Twater—=>» -1.11 444  10.00 15.56 21.11 26.67  29.44
50 10.00 8027.2 B987.5 9923.1
55 12.78 7988.0 8943.7 98746
60 15.56 7948.9 B8899.8 9826.1
65 18.33 7909.7 8856.0 9777.5
70 21.11 7870.5 8812.1 9729.0
75 23.89 7831.3 8768.3 9680.5
80 26.67 77921 87244 9632.0

Difference

Tair.], Twater—=>» -1.11 444  10.00 15.56 21.11 26.67  29.44

50 10.00 6.2 0.5 5.2 2.1

55 12.78 6.0 0.4 53 2.3

60 15.56 5.8 0.3 53 2.5

65 18.33 5.6 0.1 5.4 2.7

70 21.11 5.4 0.0 5.4 2.9

75 23.89 5.2 -0.1 5.5 3.1

80 26.67 5.0 -0.3 5.5 3.4

Figure A-6. Part-load heating curve-fit capacity results verified against manufacturer catalog data
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Manufacturer Data

degreef S0 60 70 80 8 90 100 110 120
degreef Tair) Twater> 10.00 15.56 21.11 26.67 29.44 32.22 37.78 43.33 48.89
45 7.22 0465 0.188 0.223 0.27 0.298 0.329 0.406 0.499
50 10.00 0.144 0.165 0.195 0.236 0.261 0.288 0.355 0.437
55 12.78 0.428 0.146 0.173 0.21 0.232 0.256 0.316 0.388 0.468
60 0.131 0.156 0.188 0.208 0.23 0.283 0.348 0.42
65 0.141 0.171 0.189 0.208 0.257 0.316 0.381
67 0.136 0.165 0.182 0.201 0.248 0.305 0.368
70 0.129 0.156 0.173 0.19 0.235 0.289 0.349
75 0.144 0.159 0.75 0.217 0.266 0.321
Curvefit Data
Tair Twater> 10.00 15.56 21.11 26.67 29.44 32.22 37.78 43.33 48.89
45 7.22 0.159 0.188 0.228 0.277 0.306 0.337 0.406 0.436-
50 10.00 0.138 0.163 0.197 0.242 0.268 0.297 0.362 0.436
55 0.172 0.212 0.236 0.262 0.322 0.392 0.472
60 0.151 0.187 0.208 0.232 0.287 0.352 0.427
65 0.136 0.166 0.185 0.207 0.257 0.318 0.388
67 0.160 0.178 0.198 0.247 0.305 0.374
70 0.151 0.168 0.187 0.232 0.288 0.354
75 0.141 0.155 0.171 0.212 0.263 0.324
Difference
Tair Twater> 10.00 15.56 21.11 26.67 29.44 32.22 37.78 43.33 48.89
45 7.22 0.006 -0.001 -0.005 -0.008 -0.008 -0.008 -0.001  0.013 0627
50 10.00 0.006 0.002 -0.002 -0.006 -0.007 -0.009 -0.006 0.000 0.006
55 12.78 0.006 0.004 0.002 -0.002 -0.004 -0.006 -0.006 -0.004 -0.004
60 15.56 0.004 0.005 0.004 0.002 0.000 -0.002 -0.004 -0.004 -0.007
65 18.33 -0.001 0.004 0.005 0.005 0.004 0.002 0.000 -0.002 -0.007
67 19.44 -0.003 0.002 0.005 0.005 0.005 0.003 0.001 0.000 -0.006
70 21.11 -0.008 -0.001 0.004 0.005 0.005 0.004 0.003 0.001 -0.005
75 23.89/20.020 -0.009 -0.001 0.003 0.004 0.004 0.004 0.003 -0.003

Figure A-7. Part-load cooling curve-fit EIR results verified against manufacturer catalog data
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Manufacturer Data

degreeF 50 60 70 80 8 90 100 110 120
degreeF Tair) Twater> 1000 1556 21.11 26.67 29.44 32.22 37.78 43.33 48.89
45 7.22 5695.8 5713.7 5552.5 5283.9 5122.7 4961.5
50 10.00 6473.0 6493.3 6310.1 6004.8 5821.6 5638.4 5231.3 4844.5
55 12.78 72592 7282.0 7076.6 6734.2 6528.7 6323.3 5866.7 5433.0 5090.6
60 15.56 80455 B8070.8 7843.1 7463.6 7235.9 7008.2 6502.2 6021.5 5642.0
G5 18.33 88317 8859.5 8609.6 8193.0 7943.0 7693.1 7137.6 6609.9 6193.3
67 19.44 91426 91713 8912.6 84813 8222.6 7963.8 7388.8 6842.6 6411.3
70 21.11 96089 9639.1 9367.1 8913.9 8641.9 8370.0 7765.6 7191.5 6738.3
75 23.89/10395.1 10427.8 10133.6 9643.3 9349.1 9054.9 8401.1 7780.0 7289.7

Curvefit Data

Tairl Twater>  10.00 1556 2111 26.67 29.44 3222 37.78 43.33 48.89
45 7.22 5708.8 5640.9 5507.0 5307.2 5182.6 5041.4 4709.7‘
50 10.00 6527.8 6423.4 6252.9 6016.5 5873.6 5714.1 5345.8 49115
55 12.78 7346.8 7205.8 6998.7 6725.7 6564.5 6386.8 5981.9 5511.0 4974.2
60 15.56 8165.8 7988.1 7744.5 7434.9 7255.4 7059.4 6617.9 6110.4 5537.0
65 18.33 8984.7 8770.4 8490.2 8144.1 7946.2 7731.9 7253.9 6709.8 6099.8
67 19.44 93122 9083.3 8788.5 8427.7 8222.6 8001.0 7508.2 6949.6 6325.0
70 2111 9803.5 9552.7 9235.9 8853.2 8637.1 8404.5 7889.8 7309.2 6662.6
75 23.89/10622.4 10334.9 9981.6 9562.2 9327.8 9076.9 8525.7 7908.5 7225.3

Difference

Taird Twater>  10.00 1556 21.11 26.67 29.44 3222 37.78 43.33 48.89
45 722 130/ 728 455 234 599 -80.0 1065 -49.1
50 10.00 -549 700 572 -11.7 520 -757 -1145 -67.0
55 1278 876 763 779 84 -358 635 -1152 -78.0
60 1556 -120.3 827 986 286 -19.5 -51.2 -1157 -89.0
65 1833 -152.9  89.1 489 32 -389 -1163 -99.9 935
67 19.44| 1696  88.0 536 0.0 -37.1 -119.4 -107.0 86.4
70 21.11 86.4 60.7 49 -345 -1241 -117.6 757
75 23.89 92.9 811 213 -22.1 -1246 -1285 64.3

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